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ABSTRACT OF THE DISSERTATION  
DETECTING STRUCTURAL DEFECTS USING NOVEL SMART SENSORY AND 
SENSOR-LESS APPROACHES 
by 
Amin Baghalian 
Florida International University, 2017 
Miami, Florida 
Professor Ibrahim Nur Tansel, Major Professor 
Monitoring the mechanical integrity of critical structures is extremely important, as 
mechanical defects can potentially have adverse impacts on their safe operability 
throughout their service life. Structural defects can be detected by using active structural 
health monitoring (SHM) approaches, in which a given structure is excited with harmonic 
mechanical waves generated by actuators. The response of the structure is then collected 
using sensor(s) and is analyzed for possible defects, with various active SHM approaches 
available for analyzing the response of a structure to single- or multi-frequency harmonic 
excitations.  
In order to identify the appropriate excitation frequency, however, the majority of such 
methods require a priori knowledge of the characteristics of the defects under 
consideration. This makes the whole enterprise of detecting structural defects logically 
circular, as there is usually limited a priori information about the characteristics and the 
locations of defects that are yet to be detected. Furthermore, the majority of SHM 
vii 
 
techniques rely on sensors for response collection, with the very same sensors also prone 
to structural damage.  
The Surface Response to Excitation (SuRE) method is a broad band frequency method that 
has high sensitivity to different types of defects, but it requires a baseline. In this study, 
initially, theoretical justification was provided for validity of the SuRE method and it was 
implemented for detection of internal and external defects in pipes. Then, the 
Comprehensive Heterodyne Effect Based Inspection (CHEBI) method was developed 
based on the SuRE method to eliminate the need for any baseline.  
Unlike traditional approaches, the CHEBI method requires no a priori knowledge of defect 
characteristics for the selection of the excitation frequency. In addition, the proposed 
heterodyne effect-based approach constitutes the very first sensor-less smart monitoring 
technique, in which the emergence of mechanical defect(s) triggers an audible alarm in the 
structure with the defect. Finally, a novel compact phased array (CPA) method was 
developed for locating defects using only three transducers. The CPA approach provides 
an image of most probable defected areas in the structure in three steps. The techniques 
developed in this study were used to detect and/or locate different types of mechanical 
damages in structures with various geometries. 
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       CHAPTER 1 
 Introduction 
 Motivation 
The United States infrastructures are facing aging problem and there are meaningful gaps 
between excellent operating conditions and the current state [1]–[5]. Aircraft, railroads, 
bridges, and pipelines are some examples of critical infrastructures, and ensuring their 
safety is of paramount importance for the structural health monitoring (SHM) community. 
About 60 percent of failures in aircraft are due to fatigue cracks and by using conventional 
methods, they are usually detected when they reach about 80 percent of their fatigue life 
[6]. The U.S. has 614,387 bridges, and many are approaching the end of their design life.  
About 40% of them are 50 years or older and about one out of 10 bridges were identified 
as structurally deficient in 2016 [7]. About one-third of U.S. exports and transportation of 
85 thousand passengers take place through railroads, which are going to face serious 
challenges due to aging issues. Based on the 2017 infrastructure report card, aviation, 
pipelines, bridges, and railroads are graded as D, D+, C+, and B, which shows the gap 
between excellent operating condition and the current situation [5]. 
Statistics provided by the Pipeline and Hazardous Materials Safety Administration 
(PHZMA) of the U.S. Department of Transportation (DOT) [8] reveals that in America, 
there were 11,496 incidences in oil, gas, and hazardous liquid pipelines between 1997 and 
2016, which resulted in 324 fatalities and 1331 injuries and a total cost of $7,050,142,502. 
The share of failures due to corrosion, cracking, loose connections, and other undetected 
mechanical defects due to excavations and welding defects were about 2659 incidences. 
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The cost of these incidences was $2,258,754,922, which accounts for 32.04 % of total 
failure incident costs. By considering the performance of current inspection methods, 
development of more accurate and cost-effective SHM techniques that can be conveniently 
applied for online monitoring of structures seems to be a must for proper maintaining of 
the safety of aging structures. 
 Maintenance Management Strategies 
Reactive, preventive, and predictive maintenance are the three main strategies in the 
maintenance of aging infrastructure [9]. The reactive strategy refers to repair after failure 
and is the costliest approach. Therefore, reactive strategies have been used in less critical 
applications [10]. Preventive strategies consist of inspection/maintenance activities that are 
operated based on pre scheduled timelines. Cost of preventive maintenance management 
is about one-third of the reactive approaches [11]. SHM approaches fall under the 
predictive approach which is also known as condition based monitoring approach. Here, 
the focus is on maximizing the in-service life of structures and only making the repair or 
replacement when necessary [12], [13]. 
 Ultrasonic Detection Strategies 
A damage can be defined as a change in a structural system which adversely affects the 
mechanical integrity of the structure. Typically, no sensor is capable of measuring damages 
independently, but they convert a physical medium, such as temperature, strain, light, 
sound, and vibration into processable signals [14]. By extracting the effects of a damage 
on the measured physical quantity and through the implementation of appropriate 
identification algorithms, the damage can be identified. There are two main strategies 
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available for defect detection: Nondestructive testing and evaluation (NDT&E) [15] and 
structural health monitoring (SHM) [16].  A brief comparison between different NDT&E 
methods [15], [24] is shown in Table 1 and as can be seen each method has its advantages 
and disadvantages. 
Table 1.1 Comparison between different NDT&E methods. 
Event 
Penetrant 
Testing 
Magnetic 
Particle 
Testing 
Eddy 
Current 
Testing 
Radiographic 
Testing 
Ultrasonic 
Testing 
Internal 
Defects 
 
Near surface 
defects 
Near surface 
defects 
 
External 
Defects 
Surface 
breaking 
defects 
   
Minimum 
Surface 
Preparation 
Surface 
preparation 
is critical 
Requires 
relatively 
smooth surface 
  
Non-contact 
Monitoring 
  
Access to both 
sides of the 
structure is 
usually 
required 

Low Hazard 
Chemical 
handling 
precautions 
are 
necessary 
Post cleaning is 
usually 
necessary 

Possible 
radiation 
hazard for 
personnel 

Applicability 
to Different 
Materials and 
Structures 
Requires a 
relatively 
smooth and 
nonporous 
surface 
Only 
ferromagnetic 
material 
Only 
conductive 
material 
 
Low Skill and 
Training 
    
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A large variety of electromagnetic, thermal, ultrasonic sensors and technologies have been 
deployed for collection of data from structures. Dye penetrant testing [17], modal testing 
[18], [19], radiography [18], ultrasonic [20], infrared thermography [21] , eddy current [22] 
and X-ray tomography [23] are some of various NDT& E methods available for assessment 
of mechanical integrity of structures.  
Ultrasonic methods are dynamic methods that are used for identification and quantification 
of damages through analyzing the dynamic behavior of a system. Usually, ultrasonic 
NDT&E approaches require bulky and costly instruments that are not permanently bonded 
to the structures and are operated in scheduled intervals when the structure is not in service. 
Generally, due to the point by point measurements and the resulting local nature of 
inspection of these approaches, monitoring of large structures is very time consuming and 
costly. For example, the time that is required for grounding an aircraft for inspection 
consists of about 27% of their service life [25].  However, down time is not desirable in 
any industry and can cost hundreds of thousands of dollars per hour [26].  
Implementation of permanent and continuous monitoring schemes for detection and 
identification of damages are referred to as structural health monitoring (SHM) [27]. SHM 
methods differ from NDT and NDE approaches in that integrated sensing devices are used 
for in-situ monitoring of structures. Therefore, SHM holds certain advantages over 
conventional NDT&E approaches: First, the continuous monitoring helps to minimize the 
possibility of catastrophic failures in between scheduled inspections. Second, it reduces the 
downtime of the systems since they can be performed while the structure is in service. 
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Third, it eliminates the need for assembling and dissembling of inspection devices in each 
examination. 
 Active and Passive Approaches in SHM 
SHM methods can be put into two main groups of active and passive methods [28], [29]. 
Passive methods do not involve any actuator in the monitoring process and therefore no 
mechanical energy is intentionally imparted to the structure under the test. Acoustic 
Emissions (AE) [30] is the most well-known passive method. The rapid release of energy 
from events, such as cracks and corrosions in general and debondings, delaminations, and 
matrix breakings in composite materials manifest themselves in the form of acoustic 
signals mainly in the frequency range of 100 kHz to 1 MHz. In spite of the simplicity of 
the process, interpretation of AE signals for detection and locating the source of AE signals 
is very complicated. Active methods excite structures using actuator(s) and sensor(s) 
collect the response of the structure to the known input [31].  
Ultrasonic monitoring methods have emerged as promising tools to overcome the 
shortcoming of the available methods in the nondestructive monitoring of small damages 
and monitoring of the intrinsic area of objects.  Ultrasound waves are elastic mechanical 
waves and therefore they can propagate in any media but not vacuum.  Ultrasonic bulk 
waves are a group of ultrasonic waves that freely propagate inside the bulk of materials 
and don’t need any boundaries for their propagation [32]. Bulk waves are generally 
produced by surface tapping. These waves have a constant velocity at a constant frequency 
and therefore are easy to use and easy to understand. However, they can only provide point 
by point measurements. Guided-waves are the primary type of waves that are used in SHM 
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since they can propagate for long distances along the length of a structure while 
maintaining reasonable sensitivity [33]–[35].  
Traditionally, in sound and ultrasound based methods, microphones, strain gauges, and 
accelerometers are used for monitoring dynamic behavior of structures in form of electro-
resistive, capacitive or inductive devices. Recently, these sensors have been replaced by 
small and inexpensive piezoelectric transducers [36]. Piezoelectric materials have been 
effectively used for excitation and sensing of guided waves. Piezoelectricity is a reversible 
phenomenon which was discovered by the Curie brothers in 1880.  
For the direct piezo electric effect, an electrical voltage is produced when mechanical stress 
is applied to the material. In indirect piezoelectric effect, mechanical stress is produced by 
applying an electrical voltage to the material. Some natural materials such as quartz (SiO2), 
Rochelle salt and tourmaline exhibit moderate levels of the piezo electric effect. Industrial 
piezoelectric materials are manufactured to provide transducers with controlled 
piezoelectric properties.   Two widely manufactured piezoelectric transducers are lead 
zirconate titanate (PZT) and polyvinylidene fluoride (PVDF). PVDF transducers show 
better sensing properties compared to their actuation capabilities. However, PZT 
transducers show strong direct and indirect piezoelectricity effects and therefore they are 
widely used for both excitation and sensing. Due to the small size, flexibility in shape, and 
cheap price these transducers have expedited the transformation from scheduled based 
monitoring in NDT to in-situ monitoring in SHM.  
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 Issues with the Active SHM Methods  
Guided waves are dispersive [37]–[39]. That means the group and phase velocity of 
propagating guided waves depend on the frequency and mode of excitation. Also, different 
modes can exist in each frequency. Therefore, even in single frequencies a wave can 
propagate with different speeds and thus a wave distorts during its propagation from the 
exciter to the sensor. For a better illustration of the concept, distortions of five cycles of a 
100 kHz tone burst input signal after four different propagation distances are calculated 
using waveform revealer software [40] and presented in Figure 1.1. 
Dispersion makes the signal analysis and interpretation a troublesome and challenging task. 
Anti-symmetric and symmetric modes are the two main modes in plate like structures while 
flexural, torsional, and longitudinal modes are the primary modes in hollow cylindrical 
structures. Dispersion graphs for an aluminum plate and pipe are shown in Figure 1.2 and 
Figure 1.3, respectively. 
The primary approach for overcoming the dispersion and resulting complicatedness in 
signal understanding, in the time domain, is to only excite certain modes while suppressing 
the others [41]–[43]. This approach can make the signal understanding easier. However, it 
must be noted that sensitivities of different modes to various potential damages are not the 
same. Also, in practice, there is no or limited a priori knowledge about the characteristics 
of damages that might be present in the structure. Therefore, in single excitation frequency 
approaches, the fitness of the selected excitation frequency to the damage that is yet to be 
detected plays an important role in successful defect detection. 
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Figure 1.1 Distortion of the signals due to dispersion in different distances from the 
actuator. 
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Figure 1.2 Dispersion curve for an aluminum plate [49]. 
 
 
 
 
 
 
 
Figure 1.3 Dispersion curve for an aluminum pipe [50]. 
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traditionally, needs bulky and expensive analyzers to detect defects in such a way. 
Recently, some cheaper electronic chips are introduced that can lower the cost of such an 
approach [47], [48]. Yet, the impedance information that is used in this approach has a 
local nature and therefore high quantity of sensors are required for inspection of large 
structures.  
The majority of available single frequency and wide range frequency approaches are based 
on monitoring linear characteristics, such as, time of flight, reflections from defects, energy 
transmission, and impedance information. The common problem of these methods is that 
their sensitivity to small defects such as fatigue cracks is low and such defects are usually 
detected when they reach about 80% of their fatigue life [6]. 
The newer nonlinear SHM approaches, monitor nonlinear characteristics of damaged 
structures. Nonlinear methods such as time reversal and nonlinear elastic wave 
spectroscopy (NEWS) methods like nonlinear resonant ultrasound spectroscopy (NRUS ) 
and nonlinear wave modulation spectroscopy (NWMS) show higher sensitivity to small 
defects [51]–[55]. However, they share three problems with linear methods. First, selecting 
the appropriate excitation frequency that fits a particular type of defect. Second, to date, 
sensors were the inevitable part of active monitoring methods and are used for collection 
of the response of a structure to a known excitation.  Usually, a very good understanding 
of wave propagation in solid media and its interaction with defects is a prerequisite for the 
successful running of required tests. Third, sensors to be used in SHM must meet some 
minimum requirements:1) They have to be compatible with the performance of the host 
structure; 2) They must not adversely affect mechanical integrity of the host structure;        
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3) They have to be capable of inspecting rather large areas of the host structure without 
moving; 4) They can be used in the rugged environment of in-service structures.  To date, 
no sensor has all of these characteristics together at the same time. Also, a sensor which 
has all of these characteristics would not be cheap and therefore could not be used in high 
quantities for monitoring large structures. Finally, sensors themselves are prone to damage 
and degradation. 
 Research Goals, Scope, and Objectives 
This study focuses on ultrasonic SHM approaches that monitor different aspects of guided 
waves’ propagation and interaction with defects for detection and identification of damage.  
Sophisticated equipment and extensive computations are common parts of such SHM 
applications. Development and implementation of reliable, compact, and cost-effective 
(with sensor and sensor-free SHM) schemes are the main goals of the current study. 
Objectives of the study are as follows: 
 Providing theoretical justification for the validity of the surface response to 
excitation method through constitutive piezo electric equations. 
 Implementing the surface response to excitation method for pipes in contact and 
non-contact modes. 
 Developing nonlinear approaches based on the heterodyning effect for early 
detection of small cracks. 
 Eliminating the need for sensors in monitoring processes through development of 
the very first sensor-free scheme by using the heterodyning effect. 
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 Improving the localization of defects by mixing virtual and real beamforming 
approaches. 
The dissertation is composed of six chapters. The current chapter contains the introduction 
and general discussions about SHM. Chapter 2 discusses the validity of the surface 
response to excitation (SuRE) method as a cheaper alternative to electro mechanical 
impedance spectroscopy (EMIS) approaches. The SuRE method is then applied for the 
detection and quantification of different severities of damage in pipes using contact and 
non-contact approaches. The thesis then proceeds with exploring different nonlinear 
methods in SHM and then introduces the heterodyning effect and novel sensor-less and 
with sensor approaches for early detection of damages for addressing the shortcomings of 
available methods in chapters 3 and 4. Chapter 5 discusses the applications of array systems 
in SHM and then presents an improved phased array method for surface imaging and 
localization of multiple damages in plate-like structures. Finally, chapter 6 presents 
conclusions of the current study and suggestions for future studies. 
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CHAPTER 2 
2  Surface Response to Excitation Method (SuRE) 
Active structural health monitoring methods are becoming increasingly popular for defect 
detection in hollow cylindrical structures. Different types of time and frequency domain 
based studies have been applied to examine the health of hollow cylindrical structures using 
guided waves. The Surface Response to Excitation (SuRE) method was originally 
developed for detection of defects and monitoring of loads applied on plate-like structures. 
In this chapter, the validity of the surface response to excitation method is discussed 
theoretically and the method is implemented experimentally for detection of both internal 
and external damages in pipes using contact and non-contact approaches.  
 Introduction 
Structural health monitoring (SHM) of hollow cylindrical structures are of paramount 
importance in oil, gas, chemical, and petrochemical industries. Typically, the interior area 
of pipes cannot be easily accessed and monitored because of the geometry of the system, 
small size of the cross section, cost of the process, or presence of hazardous substances. 
The exterior area of pipes can also be hard to access and monitor due to insulation or special 
positioning of them. Thus, using conventional nondestructive methods for damage 
detection in long and complex systems of pipelines is a highly expensive, time consuming, 
and even sometimes an impossible process. Guided-waves based methods have found wide 
applications in SHM of hollow cylindrical shapes because of the fact that these waves can 
propagate for long distances with low attenuation inside the curved walls of pipe-like 
structures [33], [56], [57]. Therefore, the monitoring process can be performed by only 
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having access to a few points on the surface of the structure and there is no need for 
complete removal of insulation. 
Guided waves are mechanical waves that are guided by boundaries of a structure. It should 
be noted that while propagating in solid media they show different propagation velocities 
depending on the mode and frequency of excitation. It is very important to note that 
different wave propagation modes might be excited and exist at even one single frequency 
in the monitoring process.  Therefore, a wave that consists of more than one mode deforms 
during its propagation, even in single frequency excitations. This is called dispersion and 
it makes the data interpretation and analysis in the time domain a troublesome task [58], 
[59]. In plate-like structures, only two main group of symmetric and antisymmetric modes 
exist. However, the three modes that exist in hollow cylindrical structures are longitudinal 
axially symmetric, torsional axially symmetric, and non-axially symmetric (flexural) 
modes [60]–[62]. Due to the existence of more propagation modes, defect detection in 
hollow cylindrical structures is more complicated when compared to plate-like structures. 
The part of SHM methods that use a combination of actuators and sensors in the monitoring 
process are called active methods [63]–[65]. Actuators are used for controlled and 
systematic excitation of structures and sensors collect the response of a target structure to 
a known excitation. Instead, methods that do not utilize actuators and only use sensors for 
detection of defects are called passive methods [28], [29]. In linear active methods, the 
input to the system is known and the main focus is on the interpretation of the response. 
There are different types of techniques for excitation and collection of responses in active 
SHM approaches. Methods, such as pulse-echo [66], [67] and pitch-catch [68], [69] have 
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mainly used guided waves for monitoring of hollow cylindrical structures in the time 
domain. Successful detection of defects in hollow cylindrical structures using these 
methods highly depends on appropriate selection of probing mode and frequency. That is 
to say, different wave modes do not show the same sensitivity towards a certain type of 
defect. For example, torsional modes can detect longitudinal defects better than 
longitudinal modes when those defects have a much lower width in comparison to their 
length. 
Another group of active SHM methods are electro mechanical impedance spectroscopy 
(EMIS) based methods which use a broad frequency range for excitation [46], [70]–[72]. 
EMIS uses a single piezoelectric (PZT) element as both actuator and sensor. Since these 
methods use a broad frequency range for excitation they are sensitive to a wider variety of 
defects. That is, more different sizes and orientations of defects can be detected in a single 
monitoring process. It has to be noted that, in its original form, a costly EMI analyzer is 
required to extract useful data from signals that are being collected by a PZT sensor. EMIS 
based methods are index based, meaning that a damage index is calculated by comparing 
the impedance of the response of the target structure to a known excitation, at any time, 
with a reference baseline (acquired in a pristine state). That is, EMIS techniques can detect 
changes in the dynamic response of a structure and correlate that alteration with creation 
and growth of damage. There have been some efforts to substitute the bulky and expensive 
EMI analyzers, such as HP4294A, with miniaturized impedance measuring devices that 
are based on cheaper electronic chips and microcontrollers [47], [48]. While this helps to 
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reduce the cost, due to the limited and local sensitivity of the process, online monitoring of 
a large area may require a large quantity of sensors. 
The surface response to excitation (SuRE) method is another broad frequency range SHM 
method. In one way, it is similar to pitch-catch methods since it uses different PZT elements 
for excitation and reading. However, the SuRE method is a frequency domain based study 
and similar to EMIS method, it analyzes the frequency response of the structure in a broad 
frequency range. The broad frequency range excites multiple wave modes in the structure. 
This provides a means for the method to be highly sensitive to defects with different sizes, 
orientations and configurations. In the SuRE method, only the frequency response of the 
structure is obtained and used for monitoring the state of the health of a target structure. 
Typically, the appropriate excitation frequency range is selected to cover at least 20-30 
peaks in the frequency response. Therefore, the appropriate range could be determined with 
a single test at any point for any new specimen. 
 In some applications, sensors cannot be attached to the surface of the structure for reasons, 
such as design considerations or high temperature. Using the SuRE method, instead of a 
second piezoelectric element, any contact or non-contact sensor may be used as long as the 
surface vibrations at the selected frequency bandwidth can be measured. The SuRE method 
eliminates the need for the EMI analyzer, it has high sensitivity to defects not in close 
proximity of sensor(s), and can work in noncontact mode. Therefore, SuRE can safely be 
considered as a cheaper alternative for EMIS based methods. The SuRE method was 
previously used for defect detection and localization in plate like structures, process 
performance monitoring, and for load monitoring purposes [73]–[76].  
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In this study, initially, theoretical justifications were provided for validity of the SuRE 
method. Then, the SuRE method was implemented for detection of internal and external 
damages in hollow cylindrical structures. Two main sets of experiments were designed to 
examine the efficiency of the SuRE method in detection of internal and external damages 
in pipes. Permanently bonded transducers were utilized for excitation and the responses of 
structures were collected in contact and non-contact approaches. Different lengths and 
depths of artificial damages were created and efficiency of the SuRE method in detection 
and quantification between different severities of damages were studied. The theoretical 
back ground, experimental setup, and results are discussed in the following sections. 
 Theoretical Background & Proposed Method  
In the SuRE method, typically, a PZT transducer is used as the actuator and excites the 
structure’s surface in a broad frequency range, using sweep sine waves. The propagated 
waves are collected by one or more PZT elements where the mechanical energy of the 
propagated waves is transformed into electrical energy. The linear matrix form of the strain 
formulation of the constitutive model for a general one dimensional piezoelectric material 
is shown in equation (2.1). In this equation, D is electrical flux density, S is mechanical 
strain, ɛT is permittivity in constant stress, d is piezoelectric charge coefficient, sE is 
compliance in constant electrical field, E is electrical field, and T is mechanical stress [77]. 
Strain and electric displacement are taken as dependent variables.          
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Global constitutive equations of a PZT transducer [78], in sweep type actuation and 
sensing, with a uniform distribution of mechanical and electrical properties, throughout the 
whole volume of the transducer can be represented by integration over the entire volume 
of the transducer: 
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Where V is the voltage,  f is total force, C is capacitance measured with no force, Ka is 
stiffness when V=0, k is electromechanical coupling factor, Q is the total charge of 
electrodes of the transducer, and Δ is the total elongation. As can be seen from equation 
(2.2), mechanical waves which are generated in the actuator element by the sweep 
excitation produce a harmonic voltage in the sensor PZT element upon reaching to it. When 
a PZT transducer is bonded to the structure, mechanical impedance of the structure is 
coupled with the mechanical impedance of the PZT transducer and in a PZT transducer the 
mechanical and electrical impedances are coupled together. The electromechanical 
coupling factor (k) of a PZT element can be calculated as shown in equation (2.3) [78]: 
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(2.3) 
In the monitoring process, it is assumed that the PZT remains intact during the monitoring 
process while specific characteristics of the structure such as stiffness, damping, and 
dynamic mass of the structure change in the presence of damage. Because of the existing 
coupling between the mechanical impedance of the structure and electrical impedance of 
the PZT sensor element, defects alter the output voltage of the sensor into a fixed excitation 
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depending on their distance from the sensor. That is to say, if the damage is not close 
enough depending on the applied excitation frequency then the change in the output voltage 
due to the change of the mechanical impedance of the structure cannot be a good indicator 
of the state of the health of the structure. Although, it is very crucial to notice that the waves 
that are received in the sensor PZT, which are produced with similar excitation parameters, 
are not the same before and after damage. This is due to the change in scattering, 
diffraction, attenuation, or propagation behavior of waves in presence of damage. 
In summary, defects change the output voltage of a PZT sensor subjected to a constant 
input excitation. A part of the change in the output voltage is related to the change in the 
mechanical impedance of the structure. However, this mechanical impedance change is a 
local parameter and highly depends on the applied excitation frequency. The higher the 
excitation frequency the more limited the area that can be efficiently sensed based on 
alteration of the mechanical impedance. Another reason for the voltage change is the 
diffraction, scattering, and deviation of propagating waves caused by damage on their path 
of propagation from the actuator to the sensor. The latter is more of a global parameter, 
meaning that damage can be detected even if it is relatively far away from the PZT sensor 
and not in a close distance of the sensor PZT. It should be noted that waves with different 
modes and frequencies show different sensitivities to similar types of defects. Therefore, 
by sweep excitation, multiple modes and frequencies are excited and exist together which 
makes the SuRE method sensitive to damages with different types of characteristics. Thus, 
by using a sweep sine excitation and employing two different elements for excitation and 
sensing, an accurate and comprehensive assessment of the structure can be achieved. 
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The dynamic response of a structure to a known sweep excitation can be obtained from the 
Fast Fourier Transform (FFT) of sensor signals. The response of a structure into a fixed 
excitation, in sensor locations j = 1,…,n,  before and after damage can be shown with 
matrices such as the ones that are shown in equations (2.4) and (2.5), respectively. B and 
D indicate the baseline and damage states, m is the number of scanned frequencies, and n 
is the number of sensor locations in the network. As long as there is no change in the state 
of the health of structure, its response to a fixed excitation remains the same. However, the 
frequency response drastically changes when damage occurs or external loads are applied 
on a target structure. 
  ( ) =   ∗  (2.4) 
                                                        ( ) =   ∗                           (2.5) 
In the present study, at each sensor location, the sum of squares of differences (SSD) of the 
response at any time with respect to a baseline response is used to quantify the severity of 
damage in the SuRE method. SSD of the frequency response matrix of a damaged part with 
respect to the pristine structure (intact part) is calculated and shown in equation (2.6). 
      ,…,  =  (       )
 
   
   
 (2.6) 
To summarize, the SuRE method is an index based method and in addition to the current 
response of the structure to a fixed excitation, it requires the response of the structure to 
the same excitation in an intact state to calculate the damage index and quantify the level 
of damage. 
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 Experimental Setup 
2.3.1 Detection of defects using bonded piezoelectric transducers 
An aluminum pipe having the dimensions, 711.2 mm (length), 20 mm (outside diameter) 
and 1.5 mm (wall thickness) was used as the test specimen. Two wooden supports with the 
inner diameter of 37 mm were used to hold the pipe in position. A 10 mm disk-shaped 
piezoelectric transducer was used as actuator and was permanently bonded to the surface 
of the pipe in the middle of the specimen. The actuator PZT was excited by a 60 volt 
continuous sweep sine wave in the range of 20-250 kHz. Four other PZT elements were 
used as sensors and permanently attached to the surface of the pipe.  
The efficiency of the SuRE method in detection of internal and external damages, in contact 
mode, was studied through the creation of internal and external longitudinal cuts with a 
milling machine. Four different sets of experiments were carried out to separately study 
the effects of changes in the length and depth of internal and external damage in pipes. A 
milling tool with a diameter of 4.76 mm was used to create all cuts. To study the damage 
identifying ability of the SuRE method, the depth and length of the cuts were increased and 
studied in three steps. To study the effect of length, the length of the internal and external 
longitudinal defects was increased from 20.93mm to 62.8 mm in the increments of 20.93 
mm. To study the effects of the depth of cut, the length of cut was kept constant and equal 
to 62.8 mm while the depth of the external and then internal longitudinal defects was 
increased in steps of 0.375mm, resulting in cuts with the same length but depths of 0.375 
mm, 0.75 mm, and 1.125 mm. 
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Responses of the pipe to the excitation were monitored at four different sensor points along 
the axis of the pipe using the four permanently mounted PZT elements. Before each 
experiment was conducted a “baseline” response of the pipe was obtained to be used as a 
baseline. The response signals were collected with a 106 sample/s sampling rate by using a 
DT9832A data acquisition card. 4096 points size Fast Fourier Transform (FFT) were 
calculated to get the FFT of the acquired signals. The collected data was in the form of 
voltage-frequency curves. The schematic of the experimental setup used in this experiment 
is shown in Figure 2.1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Experimental setup for implementation of the SuRE method in contact 
mode. 
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2.3.2 Detection of defects in noncontact mode 
The purpose of the noncontact experiments is to demonstrate a non-contact SHM strategy 
for pipes with minimum dependency on the selection of proper excitation modes and 
frequencies. To achieve this, the SuRE method is implemented in noncontact mode using 
a scanning laser vibrometer. The performance of the SuRE method is evaluated when 
axisymmetric and non-axisymmetric defects exist on the surface of an aluminum pipe. 
Artificial longitudinal and circumferential defects were created on the aluminum pipe and 
their severities increased in three increments.  
To validate the SuRE method in non-contact mode, an experimental setup was assembled 
that focused on evaluating an aluminum pipe having the dimensions, 226 mm (length), 26 
mm (outside diameter) and 3 mm (wall thickness). Two metallic supports with plastic 
bushes with the inner diameter of 37 mm were used to hold the pipe in position. A 15 mm 
disk-shaped piezoelectric transducer was permanently bonded to the surface of the pipe 
section and was excited by a 20 volt continuous sweep sine wave in the range of 20-250 
kHz. Initially, it was aimed to detect the presence of axisymmetric and non-axisymmetric 
damage and then to identify the increase in the severity of each damage. In order to 
represent axisymmetric damage, an artificial circumferential cut was created with three 
different depths. Then, a non-axisymmetric longitudinal cut was created and the length and 
the depth varied in three different levels.  
Response of the pipe to the excitation in the un-damaged (“baseline”) state and after each 
increase in the severity of the damage were monitored at eight different points along the 
axis of the pipe using a Polytec 3D Laser Scanning Vibrometer PSV400. The laser 
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vibrometer signals were collected with a 106 sample/s sampling rate by using a DT9832A 
data acquisition card. 4096 points size Fast Fourier Transform (FFT) were calculated to get 
the FFT of the acquired signals. The collected data were in the form of voltage-frequency 
curves. The schematic of experimental setup used in this experiment is shown in Figure 
2.2.  
 
Figure 2.2 Experimental setup for implementation of the SuRE method in non-contact 
mode. 
 Results and Discussion 
2.4.1 Detection of defects using bonded piezoelectric transducers 
Length and depth of internal and external defects were changed on the pipe to evaluate the 
performance of the SuRE method.  To show the negligible effect of changes due to 
boundary condition and other environmental parameters on SSD damage index, two 
baseline responses were acquired prior to the creation of each damage. The initial baseline 
responses were acquired from the damage free part at all sensor locations. The test-piece 
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and stands were then completely disassembled and reassembled before a second set of 
baseline responses was acquired at all sensor locations. The SSD values acquired from the 
two sets of baseline responses provide a basis to separately compare the effect of damage 
and benign experimental changes on the SSD damage index. Performance of the SuRE 
method in the detection of internal and external damages in contact mode is discussed in 
following. In each test, three different responses were acquired and the average response 
of the pipe was used in the analysis. 
2.4.1.1 External Defects 
A longitudinal external damage with the depth of 0.75 mm and length of 20.93 mm was 
created between sensor two and the exciter, starting in 41.8 mm from sensor two. Then, 
the length of cut was increased toward the exciter in two more steps of 20.93 mm. The 
three artificial damages are shown in Figure 2.3. Comparisons between initial baseline 
responses and responses after the creation of each damage at sensor location one are shown 
in Figure 2.4. As can be seen from Figure 2.4, the response of the pipe to the excitation is 
just about as it was prior to damage creation. However, the responses drastically change 
after the creation of each damage. 
 
 
 
 
 
Figure 2.3 External longitudinal damages with the same depth of 0.75 mm and length 
of a) 22.93 mm b) 45.86 mm c) 68.79 mm. 
a) 22.93 b) 45.86 c) 68.79 
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Figure 2.4 Comparison between initial baseline response and responses obtained at 
sensor location one after different damage lengths. 
To quantify the difference between different levels of damages, SSD of the responses were 
calculated with respect to the initial baseline responses at all sensor locations and presented 
in Figure 2.5. As can be seen from the figure, the SSD values at all sensor locations, in the 
pristine condition, are insignificant when compared to the SSD values obtained after the 
creation of artificial damages. That is to say, the changes in the values of SSD of the second 
baseline with respect to initial baseline (smallest column in blue), is negligible in 
comparison to the change after the creation of damages. It should be noted that, the SSD 
damage index increases with each increase in the severity of the damage at all sensor 
locations. This indicates that the SuRE method is insensitive to benign changes of boundary 
conditions but it is very sensitive to the presence of an external damage in the structure.  
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Figure 2.5 SSD damage index values before and after the creation of the external 
longitudinal damages at all sensor locations. 
In addition to the defect growing in the axial direction, the sensitivity of the SuRE method 
to defects growing in the radial direction is also studied. A longitudinal cut with a constant 
length of 68.79 mm was created between the exciter and sensor number three, starting in 
41.8 mm from the exciter. The depth of this cut was increased from 0.375 mm to 1.125 
mm in steps of 0.375 mm. The responses of the pipe specimen to the sweep excitation was 
acquired before and after the damages. The SSD values of the FFT of the responses with 
respect to the baseline response are shown in Figure 2.6. As can be seen from the figure 
the SuRE method was able to quantify the difference between depths of damages at all 
sensor locations. 
 
 
-1.00E+06
9.00E+06
1.90E+07
2.90E+07
3.90E+07
4.90E+07
5.90E+07
6.90E+07
7.90E+07
Sensor 1 Sensor 2 Sensor 3 Sensor 4
No cut Length of cut: 22.93 mm
Length of cut: 45.86 mm Length of cut: 68.79 mm
S
S
D
 D
am
ag
e 
In
de
x
 
28 
 
 
Figure 2.6 Damage index values at four sensor locations before and after the increases in 
the depth of the external longitudinal damage with constant length of 68.79 mm. 
 
2.4.1.2 Internal Defects 
To show the efficiency of the SuRE method in detection of defects in different locations of 
pipes, internal damages with geometrical dimensions similar to the external damages were 
produced on the back side of the pipe. To create the internal damage a part of surface of 
the pipe with width of 10mm and length of 80 mm was completely removed with milling 
process to create an access slot. Similar to external defect tests, two baselines were 
acquired. The first set of baseline data was acquired right after creation of the opening 
while the second set of baselines was collected one day later and after a complete 
disassembly and reassembly of the experimental setup. Both baselines were obtained after 
creation of the access slot. Therefore, the SuRE method now detects the changes in the 
dynamic response caused by the internal damages. 
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To determine the effectiveness of the SuRE method in the detection of internal damages 
growing in the axial direction, an internal longitudinal cut with the same geometrical 
dimensions of the external longitudinal cut was created. The length of the internal damage 
was increased in the same three steps as the external longitudinal damage and are shown 
in Figure 2.7. The SSD of the FFT of the responses of the pipe to the excitation after 
creation of internal damages with respect to the initial baseline at all sensor locations are 
shown in Figure 2.8. 
 
 
 
 
 
 
 
 
Figure 2.7 Internal longitudinal damages with the fixed depth of 0.75 mm  
and length of a) 22.93 b) 45.86 mm c) 68.79 mm. 
 
Moreover, the efficiency of the SuRE method in detection of internal damages that are 
growing in the depth is studied. A 68.79 mm cut with the depth of 0.375 mm was created 
and later its depth increased to 0.75 mm and 1.125 mm. Like other experiments before 
creation of the damages two different sets of baseline were acquired. Values of the SSD 
damage index in the presence of damages with varying depths at all sensor locations are 
shown in Figure 2.9. 
a) 22.93 
b) 45.86 
c) 68.79 
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Figure 2.8 SSD damage index values at four sensor locations before and after the 
increases in the length of the internal longitudinal damage. 
 
 
 
 
Figure 2.9 Damage index values at four sensor locations before and after the increases in 
depth of the 68.7 mm length longitudinal damage. 
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From Figure 2.8 and Figure 2.9 can be seen that the SSD damage index for damages 
growing in axial and radial directions are different and vary with sensor location. However, 
the SSD damage index continuously increased along with the severity of the damage, for 
both types of damages, at all sensor locations.  
2.4.2 Detection of defects in noncontact mode 
Two different types of defects were created on the pipe to evaluate the performances of the 
SuRE method in noncontact mode.  The artificial longitudinal and circumferential defects 
were created by using a milling machine with a 4.76 mm diameter end mill. The length of 
the non-axisymmetric longitudinal defect was increased from 40.84 mm to 81.68 mm in 
increments of 20.42 mm. Additionally, the depths of the circumferential and longitudinal 
defects were increased in 0.5 mm steps. 
Initially, it was important to show that benign environmental and experimental changes, 
such as temperature variations and slight changes of pipe position on supports, have 
negligible effect on the acquired response. For that purpose, the frequency response of the 
test pipe to the excitation was obtained at the same location on separate days. Prior to 
acquiring the data, the experimental setup was completely disassembled and then re-
assembled and the experiments were repeated. Also, three different responses of the system 
at the same location were acquired and the average response of the pipe was used in the 
analysis. As can be seen in Figure 2.10, there is minimal difference between the responses 
acquired in the two sets of tests. Also, for better demonstration of this high repeatability 
and reliability of experimental procedure, a part of the frequency response between 100-
120 kHz is magnified and shown in the figure.  
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Figure 2.10 1st Baseline spectrum vs. 2nd Baseline spectrum. 
2.4.2.1 Circumferential Defect 
The initial depth of the complete circumferential cut was 1 mm. The depth was then 
increased to 1.5 mm and 2 mm in subsequent tests. As expected, the frequency response 
changed dramatically upon introducing the defects. For instance, the frequency responses 
of the pipe after different levels of the circumferential damage at sensor location 1 are 
shown in Figure 2.11. 
The dynamic responses of the pipe at eight sensor locations were acquired before and after 
increasing the damage depth. By using equation (2.6), the SSD values were calculated with 
respect to baseline frequency spectrums and the results at all sensor locations are shown in 
Figure 2.12. In addition, in order to provide a basis for comparison between the changes of 
damage indexes in a healthy and damaged structure, SSD values for two different sets of 
baselines (no damage) are also provided in Figure 2.12.  
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(a) 
 
(b) 
 
(c)  
 
 
Figure 2.11 Frequency responses of the pipe after different levels of the circumferential 
damage at sensor location 1. 
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Figure 2.12 SSD damage index values at eight sensory points before and after the 
increases in depth of the circumferential damage. 
Figure 2.12 shows that the SSD values increased when the depth of the damage was 
increased.  The SuRE method successfully distinguished the three damage states at all 
sensing points.  
2.4.2.2 Longitudinal defect 
A second set of tests was conducted to investigate the effectiveness of the SuRE method 
for detection of the longitudinal defects in non-contact mode and distinguishing the 
severity of the damage. The response of the pipe to the excitation in a pristine state was 
studied at the eight sensing locations. The same tool, which was used for creating the 
circumferential damages, was then used to create the longitudinal damages. The length of 
the initial longitudinal defect was equal to 40 mm.  The length was then increased to 60mm 
and 80 mm. The depth of the cut was held constant and equal to 0.5 mm for all three lengths. 
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The SSD values were again determined using equation (2.6) and by comparing the test 
cases with a reference collected when the pipe had no defects. The SSD values referring to 
the different levels of damage at each test point are presented in Figure 2.13.  Similar to 
the circumferential defects, the SSD values increased at all sensing locations when the 
length of the damage was increased. 
In addition, the performance of the SuRE method was evaluated when a linear damage was 
created with three different depths. The same tool was used to create the 100 mm length 
linear damage with 1 mm, 1.5 mm and 2 mm depths. The SSD values are plotted in Figure 
2.14.  The SSD values increased drastically in Figure 2.14 when the linear defect was 
created and its depth was increased.  A similar trend was observed at all sensing points.  
The study verified that the SuRE method is also sensitive to the wall thickness loss in the 
longitudinal direction. 
 
Figure 2.13 SSD damage index values at eight sensor locations before and after the 
increases in the length of the longitudinal damage. 
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Figure 2.14 SSD damage index values at eight sensor locations before and after the 
increases in depth of the 100 mm length longitudinal damage. 
 Summary 
In this study, the SuRE method was implemented for detection of internal and external 
defects in pipes in contact and noncontact modes. The validity of the method was discussed 
theoretically. Response of a structure to a fixed excitation remains the same as long as there 
is no change in the state of the health of the structure. However, the response drastically 
changes after creation of a damage. A part of change is due to the change in the impedance 
of the structure and the resultant change in the coupled impedance of the bonded PZT 
element.  
EMIS based methods focus on interpretation of changes due to alteration in the impedance 
of the attached PZT element. The other part of change is due to the scattering, reflection, 
and diffraction of waves on their propagation from the exciter to the sensor element. Pitch-
catch and pulse-echo based methods more trace effects of these issues on propagating 
waves in presence of defects. The former is more of a local assessment and the sensitivity 
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to defect decreases by getting further from the sensor. The latter is more of a global 
parameter and can sense changes resulted from defects not necessarily located in close 
distance from the sensor. 
The SSD damage index showed high sensitivity in quantification between different levels 
of damage. The study showed that the SuRE method can be used to acquire quick and 
reliable information about the state of the health of pipes. Also, the method, at all sensor 
locations, showed negligible sensitivity to changes in boundary conditions while it 
maintained a high sensitivity into defects with different characteristics. Similar to EMIS, 
the SuRE method is an index based method and calculates the SSD damage index with 
respect to a baseline response acquired from a pristine part. The SuRE method eliminates 
the need for EMI analyzers in broad frequency range studies. Spectrum analyzers, simple 
data acquisition systems and DSPs may be used for data collection and analysis. Therefore, 
it can safely be considered as a cheaper alternative for EMIS method while it has higher 
sensitivity to defects that are not in close proximity of the sensor.  
The SuRE method uses a broad frequency range for excitation while can use different 
sensing techniques.  The broad frequency range makes the method sensitive to defects with 
different characteristics, such as size, type and orientation. Due to the fast processing and 
low cost of instruments, it has a great potential for monitoring of large structures. For 
instance, it can be used for quick estimations of damage in post-earthquake monitoring of 
complex pipeline systems. Therefore, it can be effectively used for defect detection and 
monitoring of large structures. 
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CHAPTER 3 
3 Detection of Defects Using Heterodyning Method 
Early detection of developing structural cracks is extremely important in improving safety 
and reducing maintenance costs in structural, aerospace, chemical, petrochemical, gas, and 
oil industries.  Nonlinear structural health monitoring methods such as nonlinear wave 
modulation spectroscopy (NWMS) can detect the cracks in their preliminary stages of 
development. Such methods usually rely on a combination of a high and a low-frequency 
excitation for defect detection. However, a priori knowledge of the characteristics of the 
crack is required for selection of the appropriate frequency combination. In this study, the 
Comprehensive Heterodyne Effect Based Inspection (CHEBI) method is proposed to 
address this issue.   
The CHEBI method uses ascending and descending broadband frequency sweeps to study 
the response of the system in wide ranges of frequencies in the time-frequency domain. 
Therefore, it is not limited to a single combination of the high and the low-frequency 
components. The proposed method detected cracks from 1 mm to 25 mm in length on a 
dog-bone shaped aluminum specimen. These results confirmed that the CHEBI can be 
successfully applied for detection of cracks with varying severities without the need for 
adjustment of the excitation frequencies. 
 Introduction 
Active structural health Monitoring (SHM) methods can be divided into two groups: linear 
and nonlinear. Different linear and nonlinear methods have been used for crack detection.  
Most of the initial SHM studies considered the structure to be a linear system.  Pitch-catch 
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[79]–[84], pulse-echo [1], [85]–[87], electro mechanical impedance spectroscopy (EMIS) 
[46], [88]–[90] and other methods [75], [76], [91]–[93]  mainly look at changes in linear 
variables. Linear characteristics, such as time of flight between the actuator and the sensor, 
reflections from the defects, transmitted energy and changes in the impedance of the 
attached piezoelectric actuator/sensor(s), usually do not change in the early stages of crack 
nucleation and growth. 
Detection of small cracks in their preliminary stages of nucleation and growth may 
significantly reduce catastrophic failures. Nonlinear methods have gained popularity since 
they can detect smaller cracks without requiring any information from the pristine structure 
(baseline data) [51], [53], [55]. Nonlinear methods assume that pristine structures behave 
like linear systems. In addition, certain types of damages such as debonding, imperfect 
contacts between mating surfaces, and cracks produce nonlinear effects which can be 
detected in the preliminary stages of their nucleation and growth [94]–[96]. Time reversal 
[42], [97], [98] and nonlinear elastic wave spectroscopy (NEWS) methods [99]–[101] like 
nonlinear resonant ultrasound spectroscopy (NRUS) [102]–[104] and nonlinear wave 
modulation spectroscopy (NWMS) [105]–[110] (also known as vibro-acoustic modulation) 
detect the defects such as small fatigue cracks and debondings at very early stages by 
tracking the development of nonlinear characteristics.  
 In the vibro-acoustic modulation approach, typically, two different actuators are used to 
excite the structure with two distinct frequencies, at very low (typically lower than 50 kHz) 
and high frequencies (typically a few hundreds of kHz). In response to the bitonal 
excitation, structures with the listed defects respond with newer frequencies in addition to 
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the excitation frequencies. These new frequencies are formed at certain frequencies, such 
as the summation, subtraction, and some other harmonics of the original excitation 
frequencies. The formation of new frequencies is called heterodyne effect in 
communication engineering [111]–[113]. Heterodyning effect was introduced by Reginald 
Fessenden almost a century ago and has been widely used in many engineering 
applications, such as radio transmitter/receivers, wireless communications, and laser 
interferometers [114]–[117]. 
Choosing the appropriate frequency combination(s) play a very important role in successful 
defect detection using nonlinear methods [6], [118]. For example, Sohn et al.[6] used a 
combination of a fixed pumping frequency with a chirp signal in the range of 80-110 kHz. 
However, since the pumping frequency was not an appropriate choice, they were not able 
to see the formation of the side bands in the raw data. Thus, they had to use linear response 
subtraction (LRS) and synchronous demodulation (SD) for seeing the side bands. Also, 
they had to repeat their experiments for 21 times using fixed pumping frequencies and a 
linear chirp probing signal, in search for a better combination of pumping and probing 
frequencies. In summary, to date, no convenient and systematic approach has been 
developed for the proper selection of the two initial excitation frequencies.   
In this study, we propose the use of two sweep sine waves covering broad ranges of 
frequencies to address this issue. Use of broad band frequencies eliminates the need for 
selection of distinctive pumping and probing frequencies. We refer to this new method as 
Comprehensive Heterodyning Effect Based Inspection (CHEBI).  The double broadband 
sweep sine excitations make the CHEBI method sensitive to defects with different 
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characteristics. This eliminates the extensive trial and error for the selection of the low and 
high frequencies in the inspection of new parts. 
The response of the system is studied in the time-frequency domain to evaluate nonlinear 
characteristics of the system at different excitation frequency combinations.  The user may 
continue to work with the sweep sine wave excitations for extensive study of different 
kinds of defects at the entire structure or select the best frequency combination for specially 
specified inspections.  In addition to cracks, the proposed method has the potential to detect 
other types of defects such as debondings and loosely tightened bolts which create similar 
nonlinear behaviors. The theoretical background, experimental setup, and performance of 
the proposed SHM system will be discussed in the following sections. 
 Theoretical Background and Numerical Model 
All materials have some level of nonlinearity but the nonlinearity is very small to be 
detected. Defects such as debonding, delamination, cracks, and loose bolts intensify the 
nonlinearity in the response of structures to bitonal excitations due to the nonlinear mixing 
of the excitation frequencies. This nonlinearity leads to the formation of new frequencies 
at the summation, subtraction and some other harmonics of the excitation frequencies. Such 
nonlinear behavior can be detected much earlier than any meaningful change in the 
parameters of the linear methods. The formation of new frequencies can be explained for 
simple defects such as breathing cracks using equation (3.1) [119], [120]. 
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   =     ± b   ± (    ± b  )
 ± (    ± b  )
  + ⋯ = a sin(    )± bsin(    ) ±
c(cos ( 2   )) ± d(cos ( 2   )) ± e (cos ((      ) )) ± f (cos ((      ) ) +
  + ⋯ 
(3.1) 
Where ω1 and ω2 are the angular frequencies of the bitonal excitation. Note that the 
expected response for an ideal pristine structure can be represented using equation (3.2). 
   =     ± b   = a sin(    )± bsin(    ) (3.2) 
It should be emphasized that equations (3.1)  and (3.2) only provide a simple mathematical 
representation for the formation of new frequencies. However, the exact mechanism for 
the formation of these frequencies in different types of defects is not well understood yet. 
In this study, before any experimental tests, it was aimed to show the formation of new 
frequencies in the response of a defected structure to two distinctive single frequencies and 
also to double broadband excitation, using simple mathematical models. In both models, 
the dispersion, reflections from boundaries, and attenuation of the surface waves were 
ignored for the sake of simplification. 
For the case of the two distinctive single frequencies, the surface of the plate in Figure 3.1 
was excited with a signal which is generated by adding two harmonic signals at the f1 and 
f2 frequencies.  These frequencies were selected as 25 kHz and 100 kHz, respectively, while 
many other combinations could be used for the present purpose. Only two of the 
propagation paths of the dissipating waves between the piezoelectric elements were 
considered and are shown in the figure. The crack was simulated with a nonlinear system. 
For simulating the effect of an unknown crack on a propagating wave, a threshold is defined 
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that is equal to 1 % of the maximum magnitude of the excitation signal. It is hypothesized 
that, the propagating waves on one side of the crack will continue to move to the other side 
if the amplitude is higher than the threshold.  
 
 
 
 
 
 
 
Figure 3.1 Schematic of applied excitations using two distinctive frequencies.  
The shape of the signal before and after passing the cracked area is shown in the figure. 
Some of the propagating waves move around the crack and will not be affected with the 
separated surfaces of the crack.  It is assumed that the piezoelectric element on the other 
side will receive the superposition of the waves propagated through and around the crack.  
Based on the assumptions that are made, as it is shown in the figure, the overall shape of 
the signal received by the second piezoelectric element will be a slightly disturbed form of 
the excitation signal.  
Excitation signal 
Crack 
Propagating wave after interaction with the crack 
Received response at the 
sensor 
Propagating waves without interaction with the crack 
 
44 
 
The Fast Fourier Transform (FFT) of the received response is shown in Figure 3.2. To 
demonstrate the development of new frequency spikes, the response at the summation and 
subtraction of the original excitation frequencies are magnified. The development of other 
new frequency components was also detected which cannot be observed without adequate 
magnification.  The development of new frequencies is a result of the heterodyning effect. 
Since the excitation signals are very strong and also some of them move around the crack, 
they have substantially higher spikes compared to the new frequencies. That is, the spikes 
at the new frequencies can be masked by the powerful spikes of the original excitation 
frequencies and may not be noticeable without adequate magnification. 
 
 
 
 
 
 
 
Figure 3.2 Fast Fourier Transform (FFT) of the response signal for the structure with 
nonlinearity. 
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As mentioned earlier, the use of broadband frequency eliminates the need for a priori 
knowledge about the defect characteristics. A simple numerical model was developed for 
this purpose. Two sweep signals, f1 and f2, in the frequency ranges of 200-250 kHz and 
350-300 kHz were used as excitation signals. The response of a pristine structure to bitonal 
sweep excitations was then numerically modeled by calculating Short Time Fourier 
Transform (STFT) of the response to the excitation and is shown in Figure 3.3 a). As can 
be seen, f1 and f2 are the only dominant frequencies in the response. 
Then, a nonlinearity was introduced to the response through cutting the amplitudes of f1 
and f2 signals by 1%, to simulate slight irregularities in the transformation of waves due to 
an unknown small crack. The development of various new frequencies can be observed in 
the STFT of the response of the structure with nonlinearity which is shown in Figure 3.3 
b). In the mathematical model, among the new frequencies, the f2-f1 elements are the most 
dominant ones after the excitation frequencies.  Moreover, in practice, a lower sampling 
frequency is required for collection of f2-f1 compared to the higher harmonics. Therefore, 
in this study, we focused on monitoring of the f2-f1 elements.  It should be noted that length, 
width, depth, and orientation of a crack can affect its nonlinear behavior and can alter the 
ratio of the amplitudes of the new frequency spikes versus the ones at the excitation 
frequencies. 
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Figure 3.3 The Short Time Fourier Transform (STFT) of the response signals for the 
pristine and with crack specimens. 
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 Experimental Setup 
The schematic of the experimental set-up and the dimensions are shown in Figure 3.4. 
Similar aluminum dog bone specimens were prepared for the experimental validation of 
the CHEBI method. A 5mm notch was cut on the specimen to initiate the crack at the 
desired location. Three PZT disks with the diameter of 10 mm and thickness of 2 mm were 
bonded to the surface of the specimen at the locations shown in Figure 3.4. Two PZT 
elements were used as actuators and the third PZT element was used as a sensor. Two 
Rigol, DG1022A, arbitrary waveform generators (AWG) provided a signal to the actuators. 
For the implementation of the heterodyning effect, the actuators were excited at different 
broadband frequencies. The signal of the sensor element was monitored by using the Data 
Translation DT9832A USB based data acquisition system. The sampling frequency used 
was 1 MHz.  
 
 
 
 
 
Figure 3.4 Schematic of experimental setup. 
The crack was developed by pulling the specimen on the MTS machine in tension. The 
forces were applied until the crack length reached 25 mm.  Note that the aim of this study 
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is to detect nonlinear behavior in different crack lengths while using the same double sweep 
excitations.  To accurately investigate the effect of the crack length, the length of the crack 
was reduced from 25 mm to 1mm in 6 steps by shaving the specimen with a band saw 
resulting in cracks with the lengths of 19 mm, 13mm, 7mm, 3mm, and 1mm respectively. 
Pictures of the initial crack with 25 mm and the final one with 1mm length were taken by 
an AmScope MU300 and are shown in Figure 3.5.   
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.5 Pictures of the crack at the beginning (a) and end (b). 
 
 
 
a) The initial crack, 25mm in length 
b)    Crack shortened to 1mm by 
band saw 
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 Results and Discussions 
In this study, two piezoelectric elements were excited with two separate sweep sine waves.  
The amplitudes of the signals were 20 volts peak to peak.  The frequencies of the sweep 
sine waves were in the range of 350-300 kHz (descending) and 200-250 kHz (ascending) 
resulting in 150-50 kHz monitoring range for the f2-f1 elements.  The response of the sensor 
was sampled at 1 MHz and evaluated in the time-frequency domain by using the Short 
Time Fourier Transform (STFT).  The Time-Frequency plot of the data for the specimen 
with the shortest crack length (1mm) and the specimen with no crack are shown in Figure 
3.6 and Figure 3.7, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.6 The STFT of the response of the structure with 1 mm long crack to the double 
sweep excitation. 
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Figure 3.7 The STFT of the response of the pristine specimen to the double sweep 
excitation. 
 
In both cases, the excitation frequencies were the most dominant components and created 
boldest responses (red lines). However, in the structure with crack, it can be seen that 
because of the nonlinear mixing, the structure responds in some newer frequencies along 
with excitation frequencies. All new frequencies may indicate the presence of damage. 
However, as explained earlier, in this study the focus is placed upon monitoring the f2-f1 
elements.  By looking at the responses of the specimen with crack and the pristine specimen 
in Figure 3.6 and Figure 3.7, it can be seen that the frequency components on the f2-f1 line 
are only visible in the structure with 1 mm long crack.  This line started at 150 kHz with 
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area. Similar to the response in the theoretical study (Figure 3.3), amplitudes of the 
frequency components on f2-f1 line are smaller in comparison to the excitation frequencies 
in the entire frequency range which was swept by the excitation signals.  
In addition, the time-frequency plots for 5 different crack lengths: 3, 7, 13, 19, and 25 mm 
are shown in Figure 3.8 - Figure 3.12 where the same double sweep excitation used for all 
of them.  The f2-f1 line exists in all the plots and demonstrates the comprehensiveness and 
reliability of the CHEBI method in detection of different lengths of crack without any need 
for alteration of the excitation signals. As expected, not all the excitation frequency 
combinations work well and show the appropriate strength. 
 
 
 
 
 
 
 
 
Figure 3.8 The STFT of the response of the structure with 25 mm long crack to the 
double sweep excitation. 
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 Figure 3.9 The STFT of the response of the structure with 19 mm long crack to the 
double sweep excitation. 
 
 
 
 
 
 
 
 
Figure 3.10 The STFT of the response of the structure with 13 mm long crack to the 
double sweep excitation. 
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Figure 3.11 The STFT of the response of the structure with 7 mm long crack to the 
double sweep excitation. 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 The STFT of the response of the structure with 3 mm long crack to the 
double sweep excitation. 
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Amplitudes of nonlinear response elements on different points of f2-f1 line vary depending 
on the corresponding frequency combination. The Amplitudes of the frequency 
components of five points located on f2-f1 line which appear the weakest in Figure 3.6 and 
equivalent amplitudes of those components from Figure 3.7 were tabulated in Table 3.1. 
Generally, the amplitudes of the frequency components on the subtraction line (f2-f1) in the 
pristine specimen are in the order of the amplitudes of the noise. The difference column 
clearly shows that the amplitudes of the frequency components of these points on the f2-f1 
line were stronger than the healthy sample without any cracks. However, by using the 
CHEBI method the best frequency combination can be easily chosen from the STFT of the 
response. Therefore, using the double sweep excitation eliminates the need for finding the 
right combination(s) of excitation frequencies and yields more reliable results. 
Table 3.1 Amplitudes of 5 frequency components on f2-f1 line. 
 
Time 
(sec) 
(f2-f1) 
Frequency 
(kHz) 
Amplitude(dB) 
Perfect With crack Absolute 
Difference 
0.012 147.60 -113.6 -98.53 15.07 
0.100 130.00 -119.9 -84.69 35.21 
0.25 100.00 -112.9 -92.97 19.93 
0.35 80.00 -117.7 -99.61 18.09 
0.45 60.00 -107.9 -99.98 7.92 
In the next step, to show the efficiency of the CHEBI method in detection of other defects, 
we applied it for detection of a loose bolt in a washer system and two plates held together 
with four nuts and bolts. The schematics of the tests are shown in Figure 3.13. 
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Figure 3.13 Tests for detection of loose bolt using a combination of broad band frequency 
and single frequency a) plates system b) washer system. 
Although, in the original form of CHEBI, we use two sweep sine waves but to show the 
flexibility of the CHEBI method, this time f1 was selected as a sweep sine wave in the 
range of 30-100 kHz and f2 was selected to be equal to 100 kHz. The STFTs of the 
responses in loose condition and after tightening by 2 Nm for the plate and washer systems 
are shown in Figure 3.14 and Figure 3.15, respectively. As can be seen from both figures 
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in the loose condition and because of the light contact there is a strong signal at f2-f1 line. 
However, when the bolts are tightened by 2 Nm the nonlinear effect decreases 
substantially. The nonlinear effect doesn't completely disappear due to the slight 
nonlinearity of mating surfaces at all times. But, by defining a threshold a loose bolt can 
be easily identified from a well tightened bolt. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.14 Response of the plate to double excitation a) loose bolt b) tightened by 2 Nm. 
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Figure 3.15 Response of the washer system to double excitation a) loose bolt b) tightened 
by 2 Nm. 
 Summary 
Recent studies have shown that combinations of very low and high harmonic excitations 
may be used to detect defects in initial stages of their development. A healthy structure 
primarily responds in excitation frequencies.  However, defects such as cracks, debonding, 
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delamination and loose bolts cause the structure to respond with new frequencies. 
Successful detection of different types of defects requires careful selection of excitation 
frequencies. In order to identify the appropriate excitation frequency, however, the 
majority of such methods require a priori knowledge of the characteristics of the defect 
under consideration. This makes the whole enterprise of detecting structural defects 
logically circular as there is usually limited a priori information about the characteristics 
of defects that are yet to be detected. 
In this study, a comprehensive heterodyne effect based inspection method was 
implemented by considering that the structure with defect responds to the excitation with 
two high frequency components like a nonlinear mixer and new frequencies are created.  
Unlike previously available methods, using the CHEBI method, it is possible to analyze 
the nonlinear behavior of a structure in multiple and higher ranges of frequency 
combinations in one single test. The method doesn’t require one of the frequencies to be 
very low. Additionally, application of broad frequency ranges with ascending and 
descending sweep excitations allows the method to be sensitive to many various types of 
potential defects.  This new approach may be easily applied for detection of different types 
of defects without significant modifications.  
In this study, initially, a numerical model was used to show the formation of new 
frequencies in the response of a structure with nonlinearity to double sweep excitations.  In 
the experimental section, a tension specimen was prepared and different lengths of cracks 
were examined. Two piezoelectric elements excited the specimen with sweep sine waves 
while another monitored the response of the specimen.  The frequency content of the 
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monitored signal was the same as the excitation signal before the crack was introduced. 
However, for crack lengths ranging from 1 mm to 25 mm the specimen responded with the 
expected new frequency components. That is, the (f2-f1) line can be clearly observed in all 
STFT plots of the specimens with a crack.    
Different modes and excitation frequencies do not show similar interactions with the 
existing defects of a structure. Therefore, the broad frequency range sweep excitations 
make the CHEBI method sensitive to a broader range of potential defects. The results 
showed that the double sweep sine wave excitations can be effectively used for detection 
of cracks of varying lengths.  The CHEBI method eliminates the need for selection of 
appropriate or practical combinations of single frequencies for the fixed bitonal excitations 
and reduces the number of tests that are required for ensuring successful inspection of a 
structure. The method may be used in different industries for quick and reliable assessment 
of structures without requiring baseline data. 
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CHAPTER 4 
4 Sensor-less Monitoring of Structures 
To date, sensors have been the inevitable part of structural health monitoring (SHM) 
systems. SHM methods identify damage by extracting useful information from data 
collected by sensors and through implementing appropriate data processing algorithms. 
However, sensors themselves are prone to damage and are limited to certain conditions. 
Typically, SHM systems are implemented in costly critical structures because of the 
excessive cost of sensors, data acquisition, signal processing and required expertise for the 
analysis of the information.  This section proposes the first sensor-free active monitoring 
technique in the field of SHM. The goal is to create sound or verbal warnings at the location 
of defects without any sensor, processor, or speaker. The feasibility of the concept was 
demonstrated by detecting loose bolts in a bolted plate system.  Also, to demonstrate the 
potential of this system in industrial applications, the concept was implemented in a typical 
washer system. Additionally, the characteristics of the audible alarms were studied at 
different torque levels. The test structures were excited with two distinct and carefully 
designed signals which led to creation of audible alarms at the location of loose bolts.  The 
proposed concept may be used as a low cost SHM system or implemented as a backup for 
conventional SHM systems. 
 Introduction 
As it was discussed in the previous section, monitoring the transformation of a structure 
from the linear state into the nonlinear state in presence of defects has been used for 
development of nonlinear SHM methods.  In these approaches, the dependency to the 
baseline or reference data is reduced or eliminated. The Time reversal method [42], [97], 
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[121], nonlinear elastic wave spectroscopy approaches [101], [122]–[125] and its 
variations, such as nonlinear resonant ultrasound spectroscopy (NRUS) [126]–[128], and 
nonlinear wave modulation spectroscopy (NWMS) or other similar methods, such as 
impact modulation [105], [110], [118], [129]–[131] are some examples of the nonlinear 
approaches in the literature. In addition to eliminating the need for baseline information, 
the nonlinear methods can detect smaller defects with much higher sensitivity compared to 
the linear methods.  
In the NWMS approach and other similar methods, the surface of the structure is excited 
with two distinct frequencies. A pristine structure primarily responds in the excitation 
frequencies. However, defects, such as debonding, imperfect contacts between mating 
surfaces, and cracks produce nonlinear effects in the response of the structure. These 
nonlinearities manifest themselves through the formation of newer frequencies, different 
than the excitation frequencies, in the response of the structure to the bitonal excitation. 
These new frequencies can be observed at the summation, subtraction (side bands) and 
some other harmonics of the excitation frequencies even at the preliminary stages of 
development of defects. Formation of new frequencies in the output resulting from the two 
distinct frequencies applied to a nonlinear system is known as the heterodyning effect in 
communication engineering and has been used in many engineering applications such as 
radio transmitters, receivers, and laser interferometers [111], [113]–[117]. 
In conventional nonlinear NDE and SHM methods like NWMS, the formation of side 
bands in the response of the structures to the bitonal excitation is monitored by using 
sensors. It should be noted that sensors must be compatible with the performance of the 
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structure in potentially rugged environments and should be capable of inspecting rather 
large areas of the host structure without being displaced. To date, there is no ideal sensor 
which can be used in all engineering applications and environments. Also, a sensor which 
holds all characteristics of an ideal sensor would likely be expensive and would be difficult 
to use in high quantities for monitoring large structures. Moreover, processors, data 
acquisition devices, and skilled operators are required for interpretation of data collected 
by sensors. These issues and complexities in the collection and interpretation of data from 
in-service structures make them vulnerable to error [132] and limit their implementation 
into critical structures.  
It should be noted that humans, theoretically, hear sounds in the frequency range of 20 Hz 
- 20 kHz. Therefore, if we keep the difference between the excitation frequencies below 20 
kHz, then the smaller sideband, f2-f1, in the response of structures with defects would be in 
the audible range. To date, no research has focused on the development of sensor-free SHM 
(SSHM) methods using this phenomenon.  
The objective of this section is to propose a new method which doesn’t need sensor(s), data 
acquisition device(s), processor(s) and well-trained operators by implementing the 
heterodyne effect for detection of loose bolts. The implementation of the proposed low-
cost system is feasible for many consumer products.  The SSHM only uses two actuators 
and triggers the audible alarm at the location of the loose bolts.  The concept was tested on 
two plates which were held together with four nuts and bolts.  The concept was also 
validated on the most widely used industrial fastener components: washers.  A washer 
system was designed for implementation of the proposed approach and successfully 
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demonstrated the potential of the SSHM concept. The theoretical background, 
experimental setup, and performance of the proposed SSHM systems are discussed in the 
following sections. 
 Theoretical Background 
All materials have some level of nonlinearity, but a solid structure with well tightened bolts 
mainly behaves like a linear system [106]. In the frequency response of these structures to 
bitonal excitations, the spectra are typically at the excitation frequencies.  However, 
microcracks, delamination, debonding and mating surfaces distributed in a structure can 
act as nonlinear mixers for excitation waves.  These types of damage create additional 
harmonic waves with the newer frequencies, as a result of the distortion or partial 
transmission of the waves.  The amplitudes of the created waves depend on the location 
and type of defects.   
The expected response of an ideal structure, without any nonlinearity, to a bitonal 
excitation consisting of      = sin(    ) and    = sin(    ) can be explained by equation 
(3.1). The formation of new frequencies in the response of a structure with sources of 
nonlinearity, defects, can be illustrated by equation (3.2). 
In a bolted structure, if the surfaces are not properly mated and there is a small gap between 
them, then the light contact will serve as a nonlinear medium for propagation of waves. 
From equation (3.2) it can be shown that the response of such a system to the bitonal 
excitation consists of the excitation frequencies    and   , and other frequencies including 
summation and subtraction of these frequencies. 
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Therefore, by choosing the excitation frequencies in ranges higher than 20 kHz and keeping 
the difference between them lower than 20 kHz, the developed subtraction side band, f2-f1, 
will be in the audible range. For the development of talking structures, the difference 
between these frequencies has to be kept lower than 20 kHz. Instead of a continuous 
harmonic tone, modulated sound and even personalized messages, such as “loose bolt” or 
“damage at plate 1” can be generated and used for detection of defects. 
 Experimental Setup 
Two experimental setups were used for implementation of the proposed SSHM approach 
in detection of loose bolts.  The first SSHM system was prepared by holding two plates 
with four nuts and bolts.  Also, a washer was designed to demonstrate the potential of the 
SSHM approach for general industrial implementations. 
4.3.1 Test with two plates held together with four bolts: 
Two aluminum plates with the thickness of 2 mm were held together by using four nuts 
and bolts (Figure 4.1). The dimensions of the top plate were 190 mm (length) by 150 mm 
(width). The bottom plate had the length of 400 mm and width of 190 mm. The bolts were 
placed 25 mm away from the corners of the top plate.  Two PZT disks were attached to the 
surface of the bottom plate for excitation of the system with two distinctive harmonic 
waves.  The PZT elements were placed 84.5 mm away from the sides of the bottom plate. 
The diameter and the thickness of the PZT disks were 21 mm and 1 mm respectively. A 
USB data translation device (DT9832A) and an arbitrary signal generator (Rigol DG1022) 
were used for sending excitation signals to PZT1 and PZT2, respectively. 
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Figure 4.1 SSHM for detection of the loose bolt in the plates structure.  
4.3.2 Implementation of the SSHM in industrial washers 
Four washers were held together with a 25.8 mm long bolt with the diameter of 6.35 mm 
and a nut at the bottom (Figure 4.2).  The two washers in the middle had the diameter of 
50 mm. For better distribution of tightening forces, the smaller washers with the diameter 
of 25 mm were located on the top and bottom of the larger washers.  The thickness and 
internal diameters of all washers were 1mm and 7.4 mm, respectively. Two PZT actuator 
disks were attached to the surface of the top washer.  The PZT disks had the diameter of 7 
mm and the thickness of 0.5 mm. It is possible to hold any number of plates together 
between the top two and bottom two washers.  The proposed design is ready for any 
implementation from car lugs to bridge bolts.  
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Figure 4.2 Schematic of the SSHM system for the washer system. 
 
 Results and Discussion 
4.4.1 Feasibility of the concept 
The goal of the proposed SSHM is to warn the operator with an audible alarm when the 
bolt of the washer or one of the bolts of the two plates is loose.  In both experiments, two 
PZT disks were used as actuators.  PZT1 was excited with a harmonic sine wave with the 
frequency of 80 kHz. PZT2 was excited with a single side modulated 10 kHz beep sound 
with the same carrier frequency (80kHz).  Thus, the difference between two signals, (f2-
f1), is a 10 kHz beep sound. For having a strong f2-f1 response, all excitation signals were 
amplified through Tektronix TM 504 amplifier up to 60 volts. The experiments were 
recorded by using a Canon 6D camera placed at 1 m distance from the setups.  The tests 
were performed in the typical lab environment. The operation of these systems can be 
watched at the YouTube site of the FIU Mechatronics Lab at 
https://www.youtube.com/channel/UCCjMQVmrvWbnRO5Acb0OZlg. 
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4.4.1.1 Test with two plates held together with four bolts: 
The output of the microphone was recorded for 16 seconds and is shown in Figure 4.3. 
Initially, one of the bolts was loose and the nonlinear system created the audible alarm at 
the difference frequency, 10kHz beep sound. Then, the operator started to tighten the loose 
bolt at the 6th second and finished the task at the 8th second.  Due to the tight contact and 
diminishing of the nonlinear behavior, the sound immediately diminished after the 8th 
second. The experiments demonstrated the feasibility of the low-cost SSHM systems.   
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3 Recorded response of the plate system to the excitation. 
4.4.1.2 Implementation of the SSHM with industrial washers: 
The variation of the microphone output for the washer system is presented in Figure 4.4, 
for a time span of 30 seconds.  In the experiment, initially, the bolt was loose. Therefore, 
Loose bolt Bolt tightened  
RMS= 0.049 RMS= 0.004 
Tightening 
process 
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the 10 kHz beep sound (f2-f1) was generated due to the nonlinearity formed by the light 
contact between washers.  The loose bolt was then tightened in between 5th and 7th 
seconds.  Then, right after tightening the audible beep sound diminished due to the tight 
contact.  The bolt was again loosened in between 23rd and 25th seconds and as expected 
the loud beep sound was started again.   
 
 
 
 
 
 
 
 
 
 
 
Figure 4.4 Recorded response of the washer system to the excitation. 
As can be seen from the figures, the light contact between washers and plates works as a 
nonlinear mixer for excitation waves and produces the audible f2-f1 element. In the next 
section, different torques were applied for tightening of the bolt of the washer system to 
examine the resultant change in the amplitude of the subtraction element. 
Loose 
washer Loose washer 
RMS= 
0.0083 
RMS= 0.008 
Tightened washers 
washer 
RMS= 0.0022 
Tightening process 
Loosening process 
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4.4.2 Quantification of bolt tightness using the SSHM method 
The correlation between the applied torque on the bolts and the sound level which 
corresponds to the amplitude of the audible subtraction element was studied in this section. 
In the previous experiments, the signals were amplified up to 60 volts. However, in this 
section, the input signals to the piezoelectric elements were reduced to 20 Vpp to eliminate 
the need for the amplifiers. To obtain a loud beep sound while using the lower excitation 
voltage, first finding an effective combination of the carrier and modulation frequencies 
was investigated.  
The first experiment was carried out to determine the carrier frequency with the highest 
amplitude. For that purpose, PZT1 was excited with a 20 Vpp sweep sine wave in the range 
of 50-250 kHz and the response was collected from the PZT2 element with the sampling 
frequency of 1 MHz. The FFT of the response of the washer system is shown in Figure 4.5. 
The highest peak was observed at the frequency of 117800 Hz. Therefore, this frequency 
was chosen as the carrier frequency.  
The second step was to choose the effective frequency for the beep sound.  An audible 
sweep sound in the range of 100 Hz-20 kHz and on/off duration of 0.5 sec was single side 
modulated with the 117,800 Hz carrier frequency. The plot of audible sweep excitation 
frequency is shown in Figure 4.6 and the FFT of the single side modulated signal is shown 
in Figure 4.7.  PZT1 was excited by a pure 117,800 Hz signal and the modulated signal 
was applied to PZT2.  Therefore, the difference between excitation frequencies was a 
sweep sine in the range of 100Hz-20 kHz. 
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Figure 4.5 The FFT of the response of the washer system to the sweep excitation in the 
range of 50-250 kHz. 
 
 
 
 
 
 
 
 
 
 
Figure 4.6 The audible sweep excitation in the range of 100 Hz-20 kHz. 
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Figure 4.7 The FFT of the applied modulated signal. 
The response of the washer system to the bitonal excitation was recorded with the 
microphone placed at 1 inch distance from the specimen with the sampling frequency of 
44.1 kHz. The response and its FFT are shown in Figure 4.8 and Figure 4.9, respectively. 
Figure 4.9 shows that the response of the structure to the bitonal excitation has higher 
amplitudes in some frequencies. In this study, we chose 12,320 Hz frequency for further 
study. This frequency has the maximum amplitude in the FFT response in the range of 10-
15 kHz which can be easily heard by most people. 
 
 
72 
 
 
Figure 4.8 The recorded audible response. 
 
Figure 4.9 The FFT of the recorded response. 
In the third step, a harmonic signal with the 12,320 Hz frequency was modulated with the 
117,800 Hz frequency and applied to PZT2. PZT1 was excited with a pure 117,800 Hz sine 
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wave. So, the difference between the two excitation frequencies was the 12,320 Hz beep 
sound. Using the same bitonal excitation, the sound was recorded when the washer was 
tightened at different torque levels.  This recording is presented in Figure 4.10. Also, the 
FFT values of the responses are shown in Figure 4.11. Figure 4.10 and Figure 4.11 
demonstrate that increasing the applied torque reduced the amplitude of the audible sound. 
It should be noted that there is a significant difference between the response of the loose 
washer and tightened washers while the difference between the response of the washers 
with torques higher than 2 Nm is negligible and insignificant. For a better illustration of 
the correlation between the tightening torque and amplitude of the sound level, experiments 
were repeated for three times and the average RMS values of the three experiments at 
different torques are presented in Figure 4.12. 
 
Figure 4.10 The comparison between audible response of the washer system in 
different torques. 
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Figure 4.11 The comparison between the FTT values of the audible responses of the 
washer system in different torques. 
 
Figure 4.12 The comparison between the RMS values of the audible responses of the 
washer system at different torques. 
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The same washer system was then used with plates. The same excitation signals with the 
same characteristics were applied at the previously tested torques. The time domain 
response, FFT, and RMS values are shown in Fig. 13- Fig.15, respectively. These figures 
show that the proposed SSHM system worked effectively when the washers hold the plates. 
The SSHM system produces a louder sound when the washer is tightened with less torque. 
 
Figure 4.13 The comparison between the RMS values of the audible responses of the 
washer installed in the plate system in different torques. 
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Figure 4.14 The comparison between the FTT of the audible responses of the washer 
installed in the plate system in different torques. 
 
Figure 4.15 The comparison between the RMS values of the audible responses of the 
washer system installed in the plate system in different torques 
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 Summary 
Nonlinear wave modulation spectroscopy, impact modulation, and other similar methods 
monitor the formation of newer frequencies in the response of structures to the bitonal 
excitations. These methods, other nonlinear approaches, and conventional SHM systems 
use sensors, data acquisition devices, processors, and skilled technicians. The cost and 
complexity of the implementation of SHM systems have limited their applications to 
monitoring of critical structures. 
In this study, the very first SSHM system was introduced to propose a low cost alternative 
to the SHM systems. The SSHM system was used for detection of the loose bolt when two 
plates were held together with bolts. The loose bolt of a washer was also detected with the 
same approach. The system uses two distinct excitation signals while the frequency 
difference between excitation signals was kept in the audible range. Such bitonal excitation 
triggers an audible alarm at the location of the loose bolt. The frequency of the sound is 
equal to the difference of the excitation signals. In the experiments, the SSHM system 
created substantially louder audible alarms in the presence of the loose bolt, without any 
sensors, processors and user interface.  
The proposed SSHM approach can be used independently or can be conveniently 
integrated into the conventional active SHM systems as a backup module. The proposed 
SSHM back up module may warn the operators at the site of the defective structure with 
sound when the SHM system collapse because of the failure of one of its components. 
Instead of the beep sounds created by modulation of harmonic signals, verbal statements 
may be modulated to give meaningful messages to the operator at the location of loose 
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bolts. The proposed SSHM approach may be used for detection of different types of defects 
such as delamination, debonding, and cracks as long as they transform the linear 
characteristics of the structure into the nonlinear characteristics. 
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CHAPTER 5 
5 Localization of Multiple Defects Using the Compact Phased Array (CPA) 
Method 
Array systems of transducers have found numerous applications in detection and 
localization of defects in structural health monitoring (SHM) of plate-like structures. 
Different types of array configurations and analysis algorithms have been used to improve 
the process of localization of defects. For accurate and reliable monitoring of large 
structures by array systems, a high number of actuator and sensor elements are often 
required. In this study, a compact phased array system consisting of only three piezoelectric 
elements is used in conjunction with an updated total focusing method (TFM) for 
localization of single and multiple defect in an aluminum plate. The accuracy of the 
localization process was greatly improved by including wave propagation information in 
TFM.  Results indicated that the CPA approach can locate single and multiple defects with 
high accuracy while decreasing the processing costs and the number of required 
transducers. This method can be utilized in critical applications such as aerospace 
structures where the use of a large number of transducers is not desirable. 
 Introduction 
Guided-waves based structural health monitoring systems are widely used in civil, 
mechanical, and aerospace applications.  Guided waves, can propagate over long distances 
and inside curved walls with low attenuation and high sensitivity [133]. In particular, Lamb 
wave based methods play a critical role in detection and localization of damage in SHM of 
pipes and plate-like structures. These waves are utilized in transducer arrays for 
localization of defects since they can scan large areas and provide a mapping of defects of 
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the scanned surface. Typically, complicated electrical devices and/or detection algorithms 
are required for successful damage detection and localization using transducer arrays.  
Generally, in SHM, detection and localization are carried out based on information that is 
collected from the time of flight, energy transmission, reflections from defects, changes in 
wave modes, and electro mechanical impedance information [134], [135]. Regarding 
transducer arrays, a single transducer pair is not enough to determine the exact location of 
damage in plate-like structures. Transducer arrays are typically used to obtain a map of 
defects in a structure. Different algorithms and approaches can be used for this purpose.  
Among the array systems, the sparse transducer method is highly suitable for large but 
simple structures [136], [137]. In this method, transducers are mounted in different 
locations on the surface of the target structure. Typically, at least three or four sensors are 
required to find the location of the damage [138]–[141].  In the sparse approach, multiple 
numbers of tests have to be performed, where in each test, one of the piezoelectric elements 
acts as an actuator and the remaining piezoelectric elements work as sensors.  A virtual 
image of possible locations of damage on the target surface can be formed from all sensors. 
The image contrast can be negatively influenced by low signal to noise ratio (SNR), direct 
arrivals, scattered waves, and reflections from boundaries. Regarding the low SNRs, it 
should be noted that the excitation is omnidirectional and emitted waves propagate in all 
directions. As a result, a very small portion of energy is radiated in each direction and 
therefore, reflections from a damage location to the sensors will be very low in energy. 
Thus, in most of its applications a high voltage was applied for the excitation to increase 
the SNR value. For instance, Konstantinidis and Prado used peak-to-peak voltages of 190 
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V and 120V for the excitation [142], [143]. However, baseline subtraction can improve the 
resolution and alleviate the problem [144]. Yet, the sparse arrays are not suitable for small 
and complex structures which do not have enough space for placement of transducers. 
When dealing with smaller structures, the compact array configuration can be an alternative 
for sparse arrays. Various arrangements of compact transducer arrays, such as circular, 
rectangular, and linear configurations have been proposed to minimize the footprint of 
transducers on small structures. These arrays generally use a single transmitter and multiple 
receivers (STMR) [145]. Different algorithms, such as the phase reconstruction algorithm 
[146], minimum variance distortion-less response (MVDR) [140], [147], and total focusing 
method (TFM) [148], [149] have been used in the compact array systems. These arrays can 
also work as multi-transmitter multi receiver (MTMR) systems [150].  
Phased arrays are another group of methods in array based SHM systems which work like 
radar systems. In these methods, real beam forming is carried out by steering the outputs 
of all transducers in a controlled manner to trace the whole surface of a structure similar to 
a radar system. That is, in this approach through real beam forming a powerful wave energy 
is emitted in a predetermined direction by stimulating all the actuators at the same time. 
Short inspection times and high SNR values are the main advantages of this method. In 
linear ultrasonic phased arrays focusing the energy in the desired directions requires 
expensive and complex electronic phase or pulse shifters and multiplexers for excitation of 
all transducers at the same time [151]–[153].  
Virtual beam forming methods were developed to resolve difficulties regarding real beam 
forming and simultaneous excitation of transducers. In virtual beam forming the 
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transducers are excited one at a time and there is no need for the concurrent excitation of 
all transducer elements. The recorded responses in different sensor locations are post 
processed to obtain the required information in a desired direction by filtering the unwanted 
information related to the other directions [143], [154]. However, massive post processing 
and low SNR value are the two main disadvantages in the group of virtual beamforming or 
steering based techniques.  
This study proposes the application of an incremental three stepped steering approach using 
a compact phased array (CPA) with total focusing method. The proposed method 
eliminates the need for multiplexers, pulse, and phase shifter devices that are used in 
phased array systems. The method is based on creating beams in desired directions by using 
two transducers at a time and a third PZT element for sensing. The results are then 
processed by using the standard and modified TFM. Finally, by adding the information 
collected from all directions, a complete map of defects can be acquired. The theoretical 
background, experimental setup, and the performance of the proposed SHM system will 
be discussed in the following sections. 
 Theoretical Background 
5.2.1 Lamb waves 
Elastic mechanical waves can be efficiently produced on plate-like structures using 
piezoelectric elements. These waves are referred to as guided waves since they are guided 
and bounded by two surfaces of the plate.  Vertically polarized ultrasonic guided waves 
that travel in plates are called Lamb waves.  In plate structures, Lamb waves can propagate 
in asymmetric and anti-symmetric modes.  Symmetric and antisymmetric Lamb waves 
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have symmetrical and anti-symmetrical movements about the mid-plane of the plate, 
respectively. The wave propagation speed is not necessarily the same for symmetric and 
anti-symmetric modes even at the same frequencies. The velocities of the waves can be 
calculated when the excitation frequency and the plate thickness are known. The 
characteristics of the Lamb waves depend on the excitation frequency, access angle, 
dimensions of the plate, transducer’s characteristics and the material of the structure [29].  
5.2.2 Array radiation pattern 
Transmission of the waves produced by phased arrays was first studied in 1905 for 
enhancing transmission of radio waves during World War II. Since that time, phased arrays 
have been used in many areas, such as ultrasonic applications, optics, and acoustics. In 
general, array configurations consist of multiple transducer elements that are carefully 
arranged to achieve a desired radiation pattern. The radiation pattern of a linear array made 
by identical transducer elements can be found according to the pattern multiplication 
theorem of antenna arrays [155]. 
                =         ′                         
The element’s pattern is the pattern of a single element in the array. By considering that  
circular PZTs act as omnidirectional sources, the element pattern has a fixed value, one 
which doesn’t depend on the diameter of the PZTs [156]. That is, the array factor is a 
function of the geometry of the array and the excitation characteristics, such as amplitude 
and phase of the elements. For a linear array consisting of N isotropic radiator elements, 
the radiation pattern can be described as: 
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where is the angle between the propagation line and array line, d is the distance between 
elements of the array, and the k=2/lis the wave number. The normalized power gain of 
an array is then: 
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Figure 5.1 shows the effect of different distances between elements on the resultant 
radiation pattern of a two element array system.  
a) b) c) 
Figure 5.1 Resultant radiation pattern of a two-element linear phased array system for 
different element spacing: a) d=0.5lb) d= 0.75l c) d=l 
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As can be seen from Figure 5.1, when using the half wave length, all of the energy is 
efficiently imparted along the two main lobes without formation of any other side lobes. 
For actual rotation of the main lobes in a desired direction proper time/phase delays must 
be applied in between excitations. This occurs by complex phase or pulse shifters and 
multiplexers. To keep the number of actuators as small as possible and to avoid steering of 
the main lobes for complete coverage, this study uses a three element compact phased array 
system that provides a complete coverage in three steps. 
The radiation pattern shown in Figure 5.1 is for single tone excitation sources. But many 
SHM systems use windowed sine waves which have slightly different frequency band 
spectrum characteristics.  Figure 5.2 shows a five cycle hamming windowed sine wave and 
its normalized frequency spectrum. The phase speed of the Lamb wave can also vary with 
the operating frequency and the material properties. Phase speed of the A0 mode for an 
aluminum plate (Al-2024) is shown with the dashed line in Figure 5.2 (b). In that case, 
wave number k in equation (5.2) is a function of the wave phase speed and the frequency. 
The total solution is the summation of the radiation pattern of all frequency components 
(equation (5.3)).  
  ( ) =    ( ) ( ,  )
 
   
 
(5.3) 
 
Where E(j) is the amplitude of the Fourier transform of the excitation signal and N is the 
number of frequency components. 
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In Figure 5.3, the red line shows the radiation pattern of a two-element linear phased array 
excited with five cycles of a hamming windowed sine wave with a frequency of 100 kHz. 
The blue line shows the pattern of the continuous 100 kHz excitation. As can be seen from 
the figure, there is a very small difference between the two patterns. Thus, the single tone 
approach can be safely used for simplification of the calculation while the dispersion effect 
is very negligible. For far-off damage in large structures,  dispersion correction might be 
applied to further improve the sensitivity of the method and compromising for  the effect 
of dispersion in the calculations [157]. 
 
a) b) 
Figure 5.2 a) Excitation signal (five cycle hamming windowed sine wave) b) 
frequency spectrum and phase speed at A0 mode for the test plate (Al-2024). 
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Figure 5.3 Radiation pattern: red for five cycles hamming windowed sine tone and blue 
for a single tone. 
 Experimental Setup 
Figure 5.4 shows a diagram of the experimental setup used for the damage inspection. The 
experiment was carried out on an Al-2024 aluminum plate with dimensions of 480 mm × 
480 mm × 3 mm. Three circular PZT disks (7 mm diameter, 0.2 mm thickness) were 
permanently bonded on three vertices of an equilateral triangle with the dimensions of 7.5 
mm which is equal to half the wavelength of a 100 kHz A0 mode Lamb wave. The triangle 
center was chosen to be the origin in all calculations. The experimental process has three 
steps. In each step, two of the PZT elements in the array serve as actuators, while the other 
serves as the sensor. Table 5.1 summarizes all three combinations of the transducers and 
Figure 5.5 shows the theoretical propagation pattern resulting from each of the three 
possible combinations in the experimental procedure. In each combination, two PZTs were 
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excited simultaneously with a constant zero phase delay and the responses were recorded 
by the third PZT.  
 
 
 
 
 
 
 
 
 
 
Figure 5.4 Experiment setup for the compact phased array approach. 
Table 5.1 Different combinations in the experimental procedure 
COMBINATION 
NUMBER 
SOURCES PHASE 
DIFFERENCES 
RECORD 
FROM 
1 PZT 2 and PZT 3 0 deg PZT 1 
2 PZT 2 and PZT 1 0 deg PZT 3 
3 PZT 3 and PZT 1 0 deg PZT 2 
 
Signal generator Data acquisition 
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a) 
 
b) 
 
c) 
Figure 5.5 Propagation pattern for different exciter combinations, green points show 
the actuators and the white ones show the receiver. a) Combination 1 b) Combination 2 c) 
Combination 3. 
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Thus, the main lobes were directed in three different directions, without using additional 
complex electrical devices, and provide a complete coverage. A Rigol DG1022 arbitrary 
function generator was used for the excitation. A five cycle hamming windowed sine wave 
signal, with amplitude 20 Vpp and center frequency of 100 kHz was used as the excitation 
frequency. The 100 kHz frequency was chosen since the antisymmetric mode A0 is 
dominant and S0 is weak, at this frequency. That is, the A0/S0 strain ratio is approximately 
3.63. Phase and group velocities were 1548 m/s and 2620 m/s, respectively. Response 
signals were recorded by a DAQ unit at 2 MHz sample rate. Figure 5.6 shows the test plate, 
PZTs, and the damage. Two sets of damage were created using a milling machine. The 
location and geometries of the them are shown in Table 5.2.  
 
Figure 5.6 The test plate, PZTs, and damages. 
Table 5.2 List of damages and their characteristics. 
Damage number Cut size (mm) 
(x, y) location of 
damage center 
(r, ▫) location of 
damage center 
1 10 * 2 * 3  (5 mm, -100 mm) (100.12 mm, -▫). 
2 10 * 2 * 3  (-100 mm, 120 mm) (156.2 mm, 2▫) 
 
Damages 
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 Proposed Approach 
In the standard TFM, one exciter is used in each step. In this study, a revised TFM is 
proposed that is based on excitation of two transducers at the same time. In the standard 
approach, amplitudes of the reflected signals in each of the three excitation combinations 
are used for plotting a 2D image of the target surface as a function of position. For any 
point on the surface with the coordinates of (x, y), dj is the total propagation length and can 
be defined as follows: 
   =  ( 
  −  )  + (   −  )  +  (   −  )  + (   −  )  (5.4) 
  
where (xT, yT) and (xR, yR) are coordinates of the transmitters and the receiver, respectively. 
Subscript j refers to the combination numbers which are shown in Table 5.1. In this study, 
two transducers are used in each excitation and the distance between transducers is 
insignificant, half a wave length. Therefore, the coordinates of the center of both 
transmitters were chosen to be equal to the coordinates of the origin in the calculations. As 
a result, the dj for each point on the target surface can be calculated as: 
   =   
  +    +  (   −  )  + (   −  )  (5.5) 
 
  
After excitation, the collected response is in the form of (time-voltage) graphs. Ij(x,y) is the 
intensity of the reflection at each point. Ij(x,y) can be calculated by obtaining the Hilbert 
transform of the difference of the received signals before (a j base(t)) and after (aj(t)) 
appearance of a damage. In the following equation,  j is the number of combination set and 
vg is the group velocity of the antisymmetric mode at the selected excitation frequency.  
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  ( ,  ) = ℎ       
  
  
  −        
  
  
   
(5.6) 
 
 
 
Because the excitation source is omni directional, the energy carried by the propagating 
waves in each direction decreases further from the excitation point. Therefore, the energy 
of the wave that is reflected from a closer point is larger from the energy of a wave reflected 
from a further point in the same direction. Considering this effect, the intensity can be 
adjusted to compensate for changes due to alteration of total path length, dj. The standard 
intensity equation   
 , is shown in equation (5.7). 
  
  ( ,  ) =   ( ,  )   ( ,  ) 
(5.7) 
 
 
To develop the modified approach, the image intensity information has to be updated with 
the wave interference data. Figure 5.7  shows the schematic of a two source array 
configuration used to calculate the intensity at a desired point on the surface. 
 
Figure 5.7 Two elements phased array. 
The amplitude of the wave, resulting from interference of propagating waves from the two 
different sources at any point, P, can be calculated by using the phase difference ( ∆∅ ) 
between the two waves at that point. Therefore, the total amplitude at any point (P) is equal 
l/2
Source 2Source 1
P(x,y)
l1
l2
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to the summation of all frequency components effects, where N is the number of frequency 
components. 
  ( ,  ) =    ( ) 1 + cos (∆∅( ,   )) 
 
   
 (5.8) 
 
By acquiring Aj for different points on the plate, a theoretical 2D image of amplitudes on 
the plate can be obtained. The phase difference (∆∅) is a function of frequency and phase 
speed, and can be found by the following equation, where (  ,   ) and (  ,   ) are the 
coordinates of the exciter transducers.  
∆∅( ,   ) =
 
 
(   −   ) =
 
  / 
  (   −  )
  + (   −  )
  −  (   −  )
  + (   −  )
   
(5.9) 
 
 
In this study, it is suggested to use the multiplication of   
  and Aj (equation (5.10)) to obtain 
an accurate intensity. That is, the information of wave interference is applied to the 
intensity calculations in order to enhance the accuracy in the modified intensity.  
  
" ( ,  ) =   
 ( ,  )  ( ,  ) (5.10) 
 
The simplified algorithm of the proposed method for the damage localization process for 
single and multiple damages is shown in Figure 5.8. The proposed approach can be used 
for detection of single and multiple damage. In presence of multiple defect, after detection 
of the first damage that area and its duplicate are subtracted from the total intensity (IT(x,y)). 
We refer to the subtraction process as masking in Figure 5.8. By masking the first damage 
and its effects, the method can find the next damage. The implementation of the proposed 
approach is discussed in details in the next section. 
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Figure 5.8 Simplified flow chart of the proposed method. 
 Results and Discussion 
For detection of a single cut, damage 1 in Table 5.2 was created on the plate. Tests were 
conducted using the three different actuator and sensor combinations on the aluminum 
plate and are shown in Table 5.1. The intensity images resulting from standard and 
modified intensity formulas are compared to manifest the higher accuracy of the modified 
intensity approach in the localization of defects. 
Figure 5.9, shows the 2D intensity image acquired from   
    (standard approach) and   
" 
(modified approach) formulas for combinations 1-3, respectively. The dark red points 
indicate the most probable locations of the damage.  
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Using equation (5.11) and (5.12), all intensity results shown in Figure 5.9 are summed and 
the normalized final intensity images from the standard and modified approaches are 
shown in Figure 5.10. Note that n indicates the number of combinations. In Figure 5.10 (a), 
the short black line shows the actual location of the damage. As can be seen from Figure 
5.10 (a), the modified approach with interference correction significantly narrows down 
the defect area in the intensity map when compared to the intensity map resulting from the 
standard approach in Figure 5.10 (c). To obtain an improved image of the damaged area, 
the normalized intensity maps shown in Figure 5.10 (a) and Figure 5.10 (c) were filtered 
by applying a threshold equal to 97% of the max amplitude and the resultant images are 
shown in Figure 5.10 (b) and Figure 5.10 (d), respectively. 
  ( ,  ) =     
"
 
   
 (5.11) 
  ( ,  ) =     
 
 
   
 (5.12) 
As can be seen from Figure 5.10 (b), the damage imaging algorithm detects two 
symmetrical damage locations, due to the symmetrical pattern of excitation. One of the 
locations is the actual estimated location of the damage and the other is simply a duplicate 
image of the estimated damage’s location. It should be noted that the maximum intensities 
of these points are different and the location that has a higher intensity is the actual damage 
location.  
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a) Combination1 – standard approach     b) Combination 1- modified approach 
 
  
  c) Combination 2 - standard approach 
 
d) Combination 2 - modified approach 
  
  e) Combination 3 - standard approach    f) Combination 3 – modified approach 
Figure 5.9 2D Intensity maps for test Combinations 1-3. 
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Figure 5.10 Total normalized intensity maps a) Intensity map resulted from the 
modified approach b) Intensity map of (a) after thresholding c) Intensity map resulted 
from standard approach d) Intensity map of (c) after thresholding. 
In this test, the maximum intensity of the upper point reaches the value of 0.9875 while the 
maximum value of the lower point is 1. The algorithm then sets the intensity around the 
duplicate location equal to zero. In Figure 5.11, the black area shows the actual location of 
the damage and the red area shows the calculated location of the damage using the modified 
approach after eliminating the duplicate of the estimated damage. 
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Figure 5.11 Estimated damage location (Black area shows real location of the 
damage). 
To perform a detection test for multiple damage, in addition to damage one, a second 
damage was created and its location and geometry are tabulated in Table 5.2. The exact 
steps that were performed for detection of the single damage with modified approach were 
taken and after applying the same imaging technique, the first damage was identified. To 
find the second damage, the first damage had to be masked from the total intensity image. 
For that purpose, the max amplitude which indicates the first damage’s location was found 
and then the damage and its duplicate regions were removed from the total intensity image. 
The second damage location was then determined with the same procedure.  The total 
intensity image of multiple defects is shown in Figure 5.12 (a). The actual and estimated 
locations of multiple damage, after applying the 97% threshold and removing the duplicate 
points, are shown in Figure 5.12 (b).  
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Figure 5.12 a) total normalized intensity map b) final estimated damage locations and 
actual damage locations. 
The estimated locations of the first and second damages and the error in the radial distance 
and angular deviation of the estimated damage points from the actual locations are 
tabulated in Table 5.3. By using the compact phased array (CPA) method and choosing the 
appropriate excitation mode/frequency, the damages were located with high accuracy. The 
results indicate that the method can be used for detection of multiple defects with high 
accuracy.  
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Table 5.3 Estimated location of multiple defects and associated errors in angular and 
radial directions. 
Damage 
number 
Estimated location 
(mm, degree) 
Actual location 
(mm, degree) 
Absolute difference 
in radial direction 
Error in 
radial 
direction 
Absolute 
angular 
deviation 
Error in  
angular 
direction 
1 (94.1, -81▫) (100.12, -▫) 6.02 mm 6% 6.13▫ 1.6% 
2 (150.7,140▫) (156.2, 2▫) 5.5 mm 3.5% 10.2▫ 2.8 % 
 
 Summary 
Different types of transducer arrays and analysis algorithms have been used for localization 
of damages in structures. Phased array systems provide high SNR values in monitoring of 
the damage. However, pulse or phase shifters, multiplexers and a high number of 
transducers are associated with phased array systems of transducers. This study proposes a 
compact phased array (CPA) method for three step imaging of multiple damages.  
In this study, three PZT transducers in a phased array system were mounted on an 
aluminum plate. The distances between the transducers were chosen to be equal to half the 
wavelength of the central excitation frequency. Three different combinations of actuator 
and sensor configurations were utilized for complete scanning of the surface. Each time, 
two transducers served as actuators and the third transducer collected the response. The 
wave propagation and interference information in each combination was included to 
improve the results of the total focusing method in the analysis. The CPA was able to 
successfully locate single and multiple cracks with high accuracy. 
The proposed method doesn’t need to apply high voltages to maintain acceptable SNRs. 
Instead, the CPA provides complete coverage by creating beams in desired directions in 
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three increments. The low excitation voltage, the small number of transducers, and short 
post processing time along with high localization accuracy demonstrates that the proposed 
method has great potential for in-situ monitoring of critical structures. 
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CHAPTER 6 
6 Conclusions and Future Directions 
 Conclusions 
Structural health monitoring approaches help to maximize the life of in-service structures 
and to minimize catastrophic failures. By considering the performance of current 
inspection methods, development of more accurate and cost-effective SHM techniques for 
online monitoring of structures seems to be a must for maintaining the safety of aging 
structures. 
In practice, there is no or limited a priori knowledge about the size, shape, and orientation 
of a defect in an in-service structure. Characteristics of a wave, such as the wave mode, 
frequency, dispersion and propagation characteristics, determine the types of defects that 
are detectable through excitation of that mode. In short, the performance of the 
conventional methods depends on the match between the selected excitation mode and 
geometrical parameters of the damage that is yet to be detected, which makes the whole 
enterprise of detecting structural defects logically circular. 
This study used novel linear and nonlinear methods using single and broad frequency 
excitations to minimize the problems associated with detection and localization of defects. 
The main achievements and results are summarized as follows: 
1) The surface response to excitation method was originally developed for detection 
of defects and monitoring of loads applied on plate-like structures. The main 
benefits of the SuRE method include the lack of the need for EMI analyzers and its 
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higher sensitivity to defects not in close proximity of the PZT element. In this study, 
the validity of surface response to excitation method is discussed theoretically and 
the method is implemented experimentally for detection of both internal and 
external damages in pipes. 
2) In some applications, because of design considerations and high temperature, 
sensors cannot be attached to the surface of the structure. Therefore, the SuRE 
method was used to develop a non-contact strategy for detection of defects in pipes 
with minimum dependency on the selection of proper excitation modes and 
frequencies. 
3) It was observed that the SuRE method can detect different types of internal and 
external damages, in contact and non-contact modes, in pipes. Also, the SuRE 
method might be able to quantify between different severities of damages. The 
study showed that the SuRE method can be used to acquire quick and reliable 
information about the state of the health of pipes. 
4)  The SSD index was used as the damage index in the SuRE method. The damage 
index showed negligible sensitivity to changes in boundary conditions while it 
maintained a high sensitivity to defects with different characteristics at all sensor 
locations. 
5) Certain types of damages, such as debondings, imperfect contacts between mating 
surfaces, and cracks, produce nonlinear effects in the response of structures to 
bitonal excitations. Nonlinear wave modulation spectroscopy (NWMS) (vibro-
acoustic modulation) detects the defects by tracking the development of nonlinear 
characteristics in the early stages of their development. In this approach, two 
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different actuators are used to excite the structure with two distinct frequencies. 
Selection of these frequencies plays an important role in the successful detection of 
defects. To date, no convenient and systematic approach has been developed for 
proper selection of the two initial excitation frequencies in a single test. In this 
study, we proposed the use of two sweep sine waves covering broad ranges of 
frequencies to address this issue. 
6) Use of broad band frequencies eliminated the need for selection of distinctive 
pumping and probing frequencies. We referred to this new method as 
Comprehensive Heterodyning Effect Based Inspection (CHEBI).  
7) In this study, the CHEBI method was implemented for the detection of cracks.  
Unlike previously available methods, using the CHEBI method, it is possible to 
analyze the nonlinear behavior of a structure in multiple and higher ranges of 
frequency combinations in one single test. The method doesn’t require one of the 
frequencies to be very low.  
8) Application of broad frequency ranges with ascending and descending sweep 
excitations allows the method to be sensitive to various types of potential defects.  
This new approach may be easily applied for the detection of different types of 
defects without significant modifications. The results showed that the double sweep 
sine wave excitations can be effectively used for detecting cracks of varying 
lengths.  The method may be used in different industries for quick and reliable 
assessment of structures without requiring baseline data. 
9) In this study, the very first sensor-free structural health monitoring (SSHM) system 
was introduced to propose a low-cost alternative to SHM systems. The SSHM 
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system was used for detecting the loose bolts in two plates and a washer system. 
Beep sounds were produced at the location of loose bolts. Instead of beep sounds, 
personal messages can also be used to create meaningful verbal warnings. The 
proposed SSHM approach can be used independently or can be conveniently 
integrated into the conventional active SHM systems as a backup module.   
10)  In this study, a compact phased array (CPA) system was developed for localization 
of single and multiple defects in an aluminum plate. The CPA used three 
piezoelectric elements. The wave propagation information was included in the 
updated total focusing method (TFM) for improving the accuracy in the localization 
of defects. Results indicated that the CPA approach can locate single and multiple 
defects with high accuracy while decreasing the processing costs and number of 
required transducers.  
 Limitations and Future Work 
This study used broad band excitation in linear and nonlinear monitoring processes to 
minimize the dependency on a priori knowledge about characteristics of potential defects 
in the detection processes. Also, a compact phased array method was developed for 
locating defects with only three transducers. Here, the following suggestions for future 
studies in these areas are proposed. 
1) It was shown that the SuRE method can detect the damages in all sensing points. 
The future work regarding the SuRE method should focus on the selection of 
optimal sensing points for increasing the sensitivity of the monitoring process for 
quantification purposes. 
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2) To date, in the SuRE method, the actuator element has been a bonded PZT element. 
The efficiency of the method using non-contact excitation should be studied.  
3) The CHEBI method was implemented for comprehensive detection of cracks and 
loose bolts. The method can be applied for detecting other types of defects, such as 
debonding, delamination, and other damages that produce nonlinear effects. 
4) The sensor-less approach was tested successfully for detecting loose bolts in plates 
and washer systems. With slight variations, the method has the potential to be used 
for sensor-free detection of other types of damages, which manifest similar 
nonlinear behavior. 
5) Instead of beep sounds in the SSHM system, personal messages or special signals 
can be designed to be only sensitive to certain types of defects.  
6) To date, locating defects is mainly carried out by linear methods. Future 
investigations should be focused on localization of defects using nonlinear methods 
in transducer array systems. 
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